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ABSTRACT

This dissertation presents the proof of concept for the Hurricane Imaging Radiometer
(HIRAD), where remote sensing retrievals of the 2-dimensional wind and rain fields for several
hurricanes are validated with independent measurements. A significant contribution of this
dissertation is the development of a novel statistical calibration technique, whereby the HIRAD
instrument is radiometrically calibrated, using modeled brightness temperatures (Tb) generated
using a priori hurricane wind and rain fields that are statistically representative of the actual
hurricane conditions at the time of the HIRAD brightness temperature measurements. For this
calibration technique, the probability distribution function of the measured HIRAD Tb's is
matched to the modeled Tb distribution.
After applying this Tb calibration, hurricane wind speeds and rain rates are retrieved for
six hurricane surveillance flights between 2013-2015. These HIRAD results are compared with
available, statistically independent, surface measurements from in-situ GPS dropwindsondes and
remote sensing: Stepped Frequency Microwave Radiometer (SFMR), and the High-Altitude
Imaging Wind and Rain Aerial Profiler (HIWRAP). Since there is good agreement in the
intercomparisons, it is concluded that the HIRAD hurricane measurement technique performs as
intended, after the corresponding Tb images are properly calibrated.
Furthermore, based upon the above comparisons, it is concluded that the retrieved HIRAD
2-dimensional wind field improves upon the a priori calibration source, regardless of quality of
this model used in the calibration. This shows that HIRAD is not simply replicating results of the
calibration source, but rather, it adds useful information.
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CHAPTER 1: INTRODUCTION

1.1

Hurricane Surveillance
Airborne hurricane surveillance, conducted by the United States National Oceanic and

Atmospheric Administration (NOAA) and the U.S. Air Force Reserve 53rd Weather
Reconnaissance Squadron, is crucial to warnings issued by the National Hurricane Center (NHC)
for ships at sea and for US coastal regions of the Caribbean Sea, and the Atlantic and Pacific
Oceans. By flying specially equipped “hurricane hunter” aircraft, measurements are made of the:
hurricane eye location, central pressure, maximum sustained (1-minute average) ocean wind speed
(WS), rain rate (RR) and other important environmental parameters. Of these, the WS is of greatest
importance because this is the determining factor for the hurricane classification using the SaffirSimpson hurricane scale commonly known as the hurricane category.
In the early days of hurricane surveillance (1970's and 80's), NOAA hurricane-hunter WP3D (hereafter referred to as P-3) aircraft flew at low altitudes (top of the atmospheric boundary
layer~ 0.3 - 1.0 km) into the eye of the storm to determine the hurricane vortex center location, the
central atmospheric pressure and the peak WS. Using onboard airspeed sensors and inertial
navigation groundspeed calculations, the hurricane surface WS was typically estimated as 90% of
the calculated flight-level wind speed. The first microwave (MW) remote sensing measurements
of ocean surface wind speed were made in hurricane Allen (1980) [1] from a NOAA C-130 aircraft
operating at a relatively safe altitude (~ 3 km or 700 mbar).
Based upon this remote sensing technology demonstration, the NOAA Hurricane Research
Division (HRD) sponsored the development of an operational airborne Stepped Frequency
1

Microwave Radiometer (SFMR) [2], which is the current standard for providing continuous realtime measurements of ocean surface WS and RR in tropical cyclones (TC). Today these SFMR
sensors, flying on both NOAA and the U.S. Air Force Reserve 53rd Weather Reconnaissance
Squadron aircraft, provide crucial surface wind speeds up to and including Category-5 (CAT5)
hurricane conditions.
However, there is one significant disadvantage of SFMR, which is the very narrow
measurement swath (1.4 km) directly beneath the aircraft. Thus, to locate and measure the TC peak
winds, the aircraft must execute two orthogonal transects through the TC eyewall (see Figure 1-1),
so that SFMR samples the storm in 4 quadrants. This flight maneuver, known as a "Figure-4",
requires ~ 1.5 h to complete, and it may be repeated more than once, especially if the TC is
changing in WS intensity.

Figure 1-1: SFMR Figure-4 Transect over Hurricane Patricia Oct 22, 2015, where longitude and latitude are
in storm-relative coordinates described in Appendix A.

2

This dissertation describes a new sensor technology, known as the Hurricane Imaging
Radiometer (HIRAD), which has the potential to be the next generation replacement for the
operational SFMR WS sensors. HIRAD can improve airborne surveillance by imaging WS and
RR, over a wide swath (typically 3x the aircraft altitude), in a single aircraft pass over the TC eye.
To achieve this wide-swath, the HIRAD uses synthetic aperture thinned array radiometry
technology [3] to create a 1-D microwave imager that synthesizes brightness temperature (Tb)
images in the cross-track direction and provides real aperture "pushbroom" imaging in the alongtrack direction.
In the mid-2000's, HIRAD (a research aircraft instrument) was developed by the NASA
Marshall Space Flight Center (MSFC) in collaboration with the NOAA Atlantic Oceanographic
and Meteorological Laboratory's Hurricane Research Division (HRD), the Central Florida Remote
Sensing Laboratory (CFRSL) of the University of Central Florida, and the Space Physics Research
Laboratory of the University of Michigan [4 to 26]. This instrument was first flown over hurricanes
in the summer of 2010 during the NASA Genesis and Rapid Intensification Processes (GRIP)
experiment. Also, additional flights were obtained during the hurricane seasons of 2012 - 2014 for
the NASA airborne Hurricane and Severe Storm Sentinel, (HS3) mission and in 2015 for the
NASA airborne Tropical Cyclone Intensity (TCI) experiment. Unfortunately, because of several
hardware issues, these HIRAD hurricane observations have failed to fully meet the science
requirements for hurricane measurements.
However, because of the novel signal processing technique developed by this dissertation
research (see Section 3.3), these hardware issues have been mostly mitigated. As a result, for the
first time, this research version of a HIRAD instrument has been reliably calibrated at the Tb level.
Therefore, for this dissertation, HIRAD Tb measurements for six hurricane flights were
3

recalibrated, and 2-dimensional (2-D) hurricane WS and RR images were produced during a single
aircraft pass over the eye. These HIRAD retrievals were compared with a variety of independent
measurements of WS and RR, and these analyses are presented in Chapter 4. Finally, based upon
these results, we conclude that the "proof of concept" of the HIRAD hurricane measurement
technique has been experimentally demonstrated.

1.2

Previous CFRSL Dissertations
The development of HIRAD was an evolutionary process, and because of unforeseen

hardware issues, the HIRAD brightness temperature calibration has been the primary source of
error. This dissertation is the 5th in the series of HIRAD PhD dissertations that have been completed
in the Electrical and Computer Engineering Department at UCF. Each dissertation has contributed
to the HIRAD technique, but none have been fully successful in demonstrating that HIRAD could
meet the scientific hurricane measurement requirements. The following is a summary of the
contributions of each.
The HIRAD data processing developments began over a decade ago with the first CFRSL
dissertation by Salem El-Nimri [28, 29], who developed a HIRAD-specific ocean emissivity
model. For HIRAD wide-swath Tb measurements, the retrieval of hurricane wind speed required
an ocean emissivity model that accommodated the contiguous range of earth incidence angles
(EIA) from nadir to > 60° and a dynamic range of ocean wind speeds from 10 m/s to CAT5
hurricane winds. During this dissertation period, there were many microwave ocean emissivity
models available, but unfortunately none fully satisfied these stringent HIRAD requirements.
Moreover, because of the limited availability of off-nadir C-band Tb observations in hurricanes
and the difficulty of performing new measurements with associated surface truth, El-Nimiri
4

developed a hybrid physically based/empirically tuned model, which provided the flexibility of
extrapolating ocean emissivity to other regimes (EIA & WS) where HIRAD measurements were
possible but were not yet observed. It was envisioned that this surface emissivity model would be
improved using calibrated HIRAD Tb's obtained during future HIRAD hurricane flights, but this
never came to be.
Given this ocean surface emissivity model, Ruba Amarin [30, 31] conducted the second
dissertation research, which developed the HIRAD forward radiative transfer model (RTM) that
calculated the Tb's at the top of the atmosphere (TOA). Next, she used this RTM and a hurricane
numerical Weather Research and Forecasting model (HWRF), of 3-D atmosphere and oceanic
geophysical parameters, to simulation the HIRAD Tb observations from a high-altitude aircraft.
Since the true values of the hurricane environmental parameters were known (nature run), the
modeled HIRAD Tb's were "perfect measurements". The various sources of measurement errors
were estimated and were applied using zero-mean Gaussian random errors to represent the HIRAD
measurements.
Next, a Monte Carlo simulation was performed for HIRAD retrievals of WS and RR using
the noise corrupted simulated HIRAD Tb's. Finally, these simulated HIRAD measurements were
compared to the nature run, and the statistics of errors (differences of simulated HIRAD measured
WS & RR minus the nature run) were compiled as a function of: assumed random Tb error, EIA,
and the corresponding HWRF hurricane WS and RR. These simulations were performed for two
hurricanes and a total of approximately 2,000 HIRAD cross-track scans at various azimuth
directions with respect to the hurricane coordinates.
Results of these simulations showed that accurate wind speed and rain rates could be
retrieved; however, these simulation results were flawed in that random Tb biases between the 4
5

HIRAD frequency channels were not considered. Unfortunately, this proved to be a major source
Tb calibration error that was observed during all HIRAD flight measurements. Also, there were
other unmodeled Tb errors associated with the Synthetic Thinned Array Radiometer image
processing, which resulted in unacceptable hurricane retrievals.
The third PhD dissertation was performed by Saleem Sahawneh [32, 33], who was
successful in validating the geolocation accuracy of HIRAD Tb image pixels by comparing
locations of land/water crossings with corresponding Google Earth Maps for several flights. Based
upon these results, he attempted to calibrate HIRAD Tb's using collocated independent Tb
observations from another well calibrated airborne radiometer (Stepped Frequency Microwave
Radiometer, SFMR) that operated on a second aircraft and that flew within the HIRAD
observations swath. Unfortunately, he concluded that this Tb calibration technique was not
sufficient to obtain stable calibrated Tb images at the 4 HIRAD frequencies, and the resulting
hurricane retrievals were not acceptable.
Building on this, the fourth PhD dissertation by Abdusalam Alasgah [34, 35], developed
an in-flight external radiometric calibration procedure based upon Tb measurements from land and
ocean. Using external satellite observations, the scene brightness temperatures of land and clearsky ocean observations were modeled using the HIRAD RTM. Next, using a linear regression
between measured and modeled Tb's, a set of linear transfer functions were developed as a function
of cross-track position (EIA) that resulted in very good calibrated HIRAD images. This
demonstrated that the HIRAD RTM could produce accurate TOA Tb's for known ocean surface
light winds and clear-sky conditions.
Also, during this flight, the HIRAD observed a tropical squall-line of heavy tropical
rainfall, which was simultaneous measured by a National Weather Service ground-based
6

meteorological NEXRAD radar. Using the simultaneous 3-D rain volume measured by NEXRAD,
the HIRAD RTM was used to calculate the TOA Tb for heavy rain, which was compared with the
calibrated HIRAD measurements. Results showed that the calibrated HIRAD Tb imagery agreed
very well with the simultaneous modeled Tb's.

1.3

Dissertation Objectives
The purpose of this dissertation is to perform an analysis of a subset of existing HIRAD

Tb observations over hurricanes to demonstrate the proof of concept for the HIRAD technique of
hurricane measurements. It is important to recognize that the proof-of-concept verification is
different than demonstrating that the current HIRAD instrument can meet the hurricane
measurement science requirements e.g., a failure of the current hardware/software instrument
implementation to perform well is not necessarily proof that the technique fails. On the other hand,
a successful verification that the current HIRAD does meet the science requirements is sufficient
for the HIRAD technique proof of concept.
This was the approach taken in this dissertation research, and any failure of the current
HIRAD instrument to meet a hurricane measurement requirement was traced to a root-cause. If
the root cause was determined to be outside of the bounds of statistical confidence, then it was
identified but not used in the evaluation. On the other hand, if the root cause could have been
corrected by an achievable modification to the system hardware/software design, then it was
identified and the failure to meet the requirement was waived. Fortunately, during this research,
no fatal flaw was discovered, therefore the proof of concept was achieved. So, the challenge of
this dissertation was to develop a robust Tb calibration technique for the current instrument, and
then to evaluate how well the science requirements were met.
7

CHAPTER 2: INSTRUMENT DESCRIPTION

2.1

HIRAD Instrument Description
HIRAD is a Synthetic Thinned Array Radiometer (STAR) designed to provide 2-D Tb

images of hurricane scenes at 4 C-band frequencies. The STAR technology uses a thinned planar
phased array antenna to perform a 1-dimensional synthesis in the cross-track plane, of ocean scene
Tbs. The array is formed using a series of stacked patch antenna designed to resonate at discrete
frequencies of 4, 5, 6, and 6.6 GHz, and thinned in one dimension forming 10 linear elements in
the cross-track [36]. A block diagram of the HIRAD system is shown in Figure 2-1. These antenna
elements are connected to 10 receivers, and the received electric field intensity (Ei) of the black
body emissions are down converted to baseband, where they are Nyquist sampled and digitized.
There is an on-board digital processor that performs a series of complex cross-correlations of the
receiver outputs in pairs to produce the Tb scene visibility signals that are recorded for post-flight
image reconstruction.

Figure 2-1: HIRAD Instrument Block Diagram [30].
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The HIRAD instrument can be described as an equivalent pushbroom multi-beam
radiometer that measures Tb in the cross-track, where HIRAD synthetically produces 45 beams
that are chosen to satisfy a 50% overlap of neighboring Instantaneous Fields of Views (IFOVs) to
satisfy the Nyquist spatial sampling criteria. These IFOVs vary from 2 km at nadir, to 7 km at the
edge of scan. The pushbroom setup is depicted in Figure 2-2, where the relative size of the overlap
is given, while the number of beams is reduced to 15 for illustrative purposes.

Figure 2-2: Equivalent Real-aperture Pushbroom Radiometer System.

With four C-band frequencies, HIRAD acts as four independent push-broom radiometers
that measure horizontally polarized (H-pol) ocean Tbs, with only a small the cross-polarization
(V-pol) component. The co-polarization power ratio of the synthesized (45 beams) is shown in
Figure 2-3, where for 4, 5 & 6 GHz channels the cross-pol is < 0.05 at the edge of scan (EOS) at
9

± 60°. Also, all channels have matching beamwidths as shown in Figure 2-4, where the
corresponding half-power beam width (HPBW) of each channel is plotted over cross-track angle
(EIA).

Figure 2-3: Co-polarization of the HIRAD phased array sub-systems over cross-track angle, where EOS
marked by dotted line.
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Figure 2-4: HPBW of the antenna pattern over the cross-track angle, where EOS is marked by dotted line.

2.2 Auxiliary Instruments
To validate the HIRAD geophysical retrieval algorithm, the analysis requires independent
measurements of hurricane WS and RR. As a result, only HIRAD hurricane flights with multiple
aircraft making near-simultaneous measurements were used. For these cases, there were up to 4
independent measurements, namely; the SFMR and the Lower Fuselage Radar (LFR) of the HRD
P-3 instrument package; HIWRAP that is collocated with HIRAD on the high-altitude Global
Hawk (GH) or WB-57 aircraft; and GPS dropwindsondes from either the P-3 or GH/WB-57.
HIWRAP is only available during the Hurricane and Severe Storm Sentinel (HS3) mission in 2014
[37]. These independent measurements are as summarized in Table 1, where products denoted by
(provided) are data from the HRD [38] and the National Center for Atmospheric Research [39]
websites, while those that specify (calculated) are data produced for this research.
11

Table 1: Available Instruments and Measurements.
Instrument
SFMR

LFR

GPS
Dropwindsonde
HIWRAP

Description
6 channel (4.74, 5.31, 5.57, 6.02, 6.69,
7.09 GHz) nadir pointing C-band MW
radiometer, measuring ocean Tbs

Product
Wind speed m/s
Path Average Rain Rate mm/hr
(provided)

5.37 GHz Horizontally Scanning Radar
measuring 2-D images of rain reflectivity
Dispensed and parachuted in-situ
instrument, measuring vertical wind
profiles in atmosphere

Rain Rate mm/hr
(calculated)
GPS derived wind speeds m/s
(provided)

Conically scanning, Ku-band (13.9 GHz)
radar with an H-pol 30° inner beam and
V-pol 40 ° outer beam
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Rain Flag Detection
3D Rain Rates (mm/hr)
(calculated)

CHAPTER 3: HIRAD DATA PROCESSING

3.1

Initial HIRAD Data Processing
As described in Section 2.1, the HIRAD instrument does not directly produce a Tb image

with 45 pixels cross-track. Instead, using the STAR technology, the 10 receiver outputs are
digitally complex correlated to produce 32 spectral components (visibilities) that are recorded onboard, as illustrated in the left side of Figure 3-1.
After the flight, the HIRAD data are ground processed by NASA MSFC. First, these
visibilities are calibrated using recorded radiometric measurements of known brightness
temperature sources, and then, they are converted to antenna brightness temperature TA using an
inverse Fourier transform image reconstruction technique [3]. This produces a 321x1 array of TA
in the cross-track dimension (sub-beams), where these vectors are taken sequentially in time,
forming the along-track image by the forward motion of the aircraft. Thus, the output of the image
reconstruction is an oversampled matrix of TA, that are subdivided into 16 separate sub-band
images per frequency. These sub-band images are then combined forming a single TA image per
channel, where channels 4, 5, 6 and 7 correspond to the 4.0, 5.0, 6.0 and 6.6 GHz channels
respectively. Finally, these TA images are subdivided into flight-lines of constant heading, which
we will refer to as “legs”, which are made publicly available in the NASA data archives. These
files are the input for this dissertation research.
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Figure 3-1: HIRAD Data Block Diagram.

Unfortunately, the calibrated TA images provided by NASA MSFC usually have significant
Tb errors, which generally fall into two groups of spatial/temporal characteristics. First, there are
uncorrelated biases (Tb offsets) between channels that drift in time ± 5 K over periods of 10's of
minutes. As a result, the measured Tb for these channels can cross-over each other, which violates
the physics of the ocean brightness temperature.
Another common calibration issue is the occurrence of quasi-periodic Tb variations in the
cross-track that results in non-geophysical noise in form of "stripes" in the Tb images. The origin
of these is not certain, but we suspect these may be image reconstruction artifacts that are the result
of improperly calibrated visibilities. A typical example is shown in Figure 3-2, where the 6.0 GHz
image exhibits significant striping near sub-beams 30, 100, 150, and 200. For illustration purposes,
the Excess-TA is plotted to remove the incidence angle dependance of the brightness temperature,
which would tend to mask this stripping effect. The Excess-TA is calculated by subtracting the
theoretical clear-sky ocean brightness for zero wind speed scene from the measurement.
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Figure 3-2: HIRAD 6.0 GHz Excess-TA during Hurricane Gonzalo.

For HS3 flights prior to 2015, the NASA MSFC calibrated Tb images had significant
stripping noise and as a result were not used in this dissertation. Instead, the uncalibrated sub-band
data were calibrated, quality controlled (QC) to remove random bursts of Tb in the cross-track,
and then combined. The QC function removed high variance points in individual sub-bands, which
deviated from the others. Also, during these flights, only the 5.0 and 6.0 GHz channels are
available.
On the other hand, during the 2015 flights of TCI, the NASA MSFC image reconstruction
data processing [40] was updated, which removed most non-geophysical artifacts; and, as a result,
all four channels were available in most flights. Thus, for TCI flights, the MSFC processed Tb
images are used in this research.
So, the only difference (in our data processing) is that we apply our new Tb calibration
approach to the original sub-band images for the HS3 flights, while the TCI flights are calibrated
using the channel MSFC processed images.
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3.2

Forward Radiative Transfer Model (RTM)
For our purposes, the forward RTM is used to both calibrate the HIRAD Tb measurement

and to perform WS and RR retrievals. This RTM, developed by Amarin [30,31], is used to model
the HIRAD TA for each sub-beam (cross-track) position. The inputs are the following: sub-beam
position (k), frequency (f), earth incidence angle (EIA), and environmental parameters: 10 m ocean
surface wind speed (ws), rain rate (rr), atmospheric temperature profile (Tphy), and atmospheric
absorption profile (Katm). The antenna temperature is expressed symbolically as,
𝑇𝐴 = 𝑅𝑇𝑀(𝑘, 𝑓, 𝐸𝐼𝐴, 𝑤𝑠, 𝑟𝑟, 𝑇𝑝ℎ𝑦 , 𝐾𝑎𝑡𝑚 )

(1)

Environmental parameter inputs, Tphy and Katm (for oxygen and water vapor), are from a priori data
discussed in future sections.
This process is depicted in Figure 3-3, where from left to right, environmental parameters
from the Global Data Acquisition System (GDAS) along with WS and RR values from SFMR (or
another source), are used to calculate the apparent brightness temperature (Tapp) at the top of the
atmosphere for a given an EIA and for both V-pol and H-pol polarities. These are convolved with
the corresponding sub-beam antenna pattern to the first nulls (Fn), yielding the main-beam
brightness temperature (TB) for V-pol and H-pol. These polarized brightness components are then
combined using the cross-pol power ratio of the antenna (𝛾), which is sub-beam dependent, to
produce the TB as seen by the antenna beam. Finally, the side-lobe temperature component is added
that produces the total brightness temperature at the output of the antenna (TA).
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Figure 3-3: Forward Radiative Transfer Model Block Diagram including antenna pattern convolution and
sidelobe contributions.

3.2.1 Pencil Beam Approximation
The RTM calculation begins by modeling the apparent brightness temperature (Tapp) at the
top of the atmosphere incident on the aperture of the antenna using a pencil beam approximation.
This is calculated as the scalar sum of the ocean and atmospheric emissions (upwelling and
reflected downwelling) as shown in Figure 3-4.

Figure 3-4: Brightness temperature signal as seen by an airborne radiometer [31].
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The RTM calculation starts with the cosmic background microwave radiation from space
(𝑇𝑐𝑜𝑠 = 2.73 K) entering the TOA. For C-band frequencies, only water vapor, oxygen, and rain
have significant absorption, which are captured as the atmospheric absorption coefficient Katm.
This atmospheric absorption relates to the atmospheric transmissivity (𝜏) along a path in the
atmosphere using the relationship,
ℎ2

𝜏 = ∫ 𝑒 −𝐾𝑎𝑡𝑚 ∙𝑧∙𝑠𝑒𝑐(𝐸𝐼𝐴)𝑑𝑧

(2)

ℎ1

where h is the height above sea level, and z is a dummy variable. The atmosphere can be seen as
a passive element, which has a self-emission (T) proportional to Tphy, where
𝑇 = 𝑇𝑝ℎ𝑦 (1 − 𝜏)

(3)

One can integrate the atmosphere to find the total sum of the self-emissions and attenuations
through the atmosphere (Tatm) as,
ℎ2

𝑇𝑎𝑡𝑚 = ∫ 𝑇𝑝ℎ𝑦 (𝑧)(1 − 𝜏(𝑧))𝑑𝑧

(4)

ℎ1

The total transmissivity and self-emission of the downwelling path of the atmosphere is
𝜏𝑑𝑜𝑤𝑛 and 𝑇𝑑𝑜𝑤𝑛 respectively. The sum of Tdown and the attenuated Tcos is known as the sky
temperature Tsky.
𝑇𝑠𝑘𝑦 = 𝑇𝑐𝑜𝑠 ∙ 𝜏𝑑𝑜𝑤𝑛 + 𝑇𝑑𝑜𝑤𝑛

(5)

Trefl is the sky temperature specularly reflected at the surface of the ocean, where the power
reflection is (1 – emissivity, 𝜀), which varies as a function of EIA and ws.
The self-emission of the ocean is 𝑇𝑠𝑢𝑟 = 𝜀 ∙ 𝑆𝑆𝑇, where SST is the sea surface temperature.
The temperatures Trefl and Tsur propagate through the attenuating atmosphere and is summed with
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the self-emissions of the upwelling path (Tup). This is given in (6), where the brightness
temperature apparent to the aperture of the antenna (Tapp), is the sum of 3 components of brightness
temperature.
𝑇𝑎𝑝𝑝 = 𝑇𝑢𝑝 + 𝜏𝑢𝑝 (𝑇𝑠𝑢𝑟 + (1 − 𝜀) ∙ 𝑇𝑠𝑘𝑦 )

(6)

The term 𝜏𝑢𝑝 refers to the total up-welling atmospheric transmissivity from the surface to the
antenna. This calculation is performed by dividing the atmosphere into 40 discrete layers and
applying a Reimann sum along the path length [31].
Although not discussed herein, the ocean emissivity 𝜀 increases as a function of ws because
of the increase in surface roughness and the generation of blackbody seafoam on the surface, both
of which are more emissive than smooth seawater. Using a physical electromagnetic model, the 𝜀
is calculated for EIA (0° ≤ EIA ≤ 70°) and surface wind speed (0< ws < 70 m/s) [28, 29]. Also, the
ocean surface emissivity model is invalid in the eye of the hurricane because the foam coverage
there is caused by the collision of propagating waves, and it is not in equilibrium with the local
WS.
Further, the atmospheric absorption coefficient Katm accounts for the C-band
absorption/emission due to water vapor, oxygen and rain that contributes less than 10% of the
emission for rain-free conditions. For this RTM rr is assumed to be constant up to 5 km in the
atmosphere, which is the average freezing level for water in hurricanes.

3.2.2 Antenna Pattern Convolution
The main beam brightness temperature (TB-v,h), is the spatial convolution of the scene
brightness temperature Tapp, with the main-beam (to the first nulls) of the antenna pattern, Fn,
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𝑇𝐵−𝑣,ℎ =

∑𝑖,𝑗 𝑇𝑎𝑝𝑝 (𝜃𝑖 , 𝜙𝑗 ) ∙ 𝐹𝑛 (𝜃𝑖 , 𝜙𝑗 ) ∙ 𝑐𝑜𝑠(𝜃𝑖 )
∑𝑖,𝑗 𝐹𝑛 (𝜃𝑖 , 𝜙𝑗 ) ∙ 𝑐𝑜𝑠(𝜃𝑖 )

(7)

where subscripts V and H indicate either V-pol or H-pol and indices; i and j are the antenna
coordinate system elevation (θ) and azimuth (ϕ) planes.
The V-pol and H-pol components of brightness temperature are then combined using the
cross-pol power ratio of the antenna pattern, and the main-beam brightness temperature is
calculated as:
𝑇𝐵 = (1 − 𝛾𝑘 ) ∗ 𝑇𝐵−𝐻 + 𝛾𝑘 𝑇𝐵−𝑉

(8)

where 𝛾 is the cross-pol power ratio of the antenna, which varies by sub-beam position (k).
Next, the TB is brought to the reference frame of the antenna output, by adding approximate
side-lobe temperatures that HIRAD would typically experience, which is simulated in [30 eqn.
10]. The side-lobe temperature (𝑇𝑆𝐿 ) is found by linear approximation as a function of antenna
temperature 𝑇𝑆𝐿 = 𝑚 ∗ 𝑇𝐴 + 𝑏, where m and b are the slope offset of a given beam position. Using
𝑇𝐴 = 𝜇 ∙ 𝑇𝐵 + 𝑇𝑆𝐿 , where μ is the antenna beam efficiency, substituting 𝑇𝑆𝐿 and rearranging terms,
𝑇𝐴 = (𝜇 ∙ 𝑇𝐵 + 𝑏)/((1 − 𝑚) )

(9)

With this antenna temperatures 𝑇𝐴 ′𝑠 are simulated for both the calibration and retrieval algorithms.

3.2.3 SFMR Brightness Temperatures in Hurricanes
An example of the SFMR measured brightness temperatures during an eyewall transect
over hurricane Katrina 2005 is shown in Figure 3-5 panel-a, and the corresponding retrieved WS
and RR are shown in panel-b. In the Tb plot (panel-a), there is a monotonic increase in brightness
temperature with increasing WS for all frequencies, but with respect to frequency, the differential
brightness is nearly independent of WS for rain-free regions, i.e., they all increase at the
approximately the same rate with respect to WS. On the other hand, for rainy regions marked by
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the black arrows, the Tb is quite dispersive with a 𝑓 1.4 relationship with rain rate. Thus, this
dispersive nature of the brightness temperature of rain is the characteristic that allows for the
retrieval of both WS and RR using multiple C-band frequencies. Since the HIRAD operates over
a similar frequency range, it is also expected to perform well in retrieving both WS and RR.

Figure 3-5: SFMR measured brightness temperatures and retrieved WS and RR for Hurricane Katrina.
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3.3

HIRAD In-Flight Calibration
Based upon the previous four PhD dissertations, we believe that given correctly calibrated

HIRAD Tb imagery, then reliable hurricane WS and RR retrievals are possible with the original
retrieval algorithm [28, 29, 30]. Further, we recognize that the current HIRAD instrument
implementation is not optimum, and during the evaluation of the HIRAD proof of concept, this
fact must be considered. Clearly, a failure of the current HIRAD instrument, to satisfy the hurricane
measurement requirements, does not necessarily prove that the HIRAD hurricane measurement
technique fails. Thus, the objective of this dissertation is to develop a robust approach that
calibrates the Tb imagery produced by the current HIRAD instrument, then to use these Tb
measurements to retrieve 2-D fields of WS and RR, and finally to compare these retrievals with
available independent hurricane measurements to establish whether the proof of concept has been
verified.
This dissertation research began, where the previous left off [34, 35] by evaluating the use
of an external land/ocean linear calibration approach for a HIRAD flight over Hurricane Patricia
in the Pacific, where the land Tb observations were made over the Coast of Mexico. For this flight,
there were multiple land crossings that were separated by several hours, which were used to
calibrate the HIRAD TA imagery separately by sub-beam position (EIA). However, it was found
that the resulting time-interpolated, linear brightness transform could not be used for the ~ 2-hour
overflight of the hurricane. This identified a major issue in that most hurricane flights occurred
several hours after leaving land, which would make this calibration approach not feasible for the
general case. Further, the two-point linear Tb calibration was less than desired because it was
previously shown in [32 Figure 5.11] that the HIRAD Tb calibration using collocated SFMR Tb's
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was found to be non-linear at the upper end of the dynamic range > 150 K, where most hurricane
high WS and heavy RR conditions occur.
This provided the motivation for the development of a novel calibration technique that used
the actual HIRAD Tb measurements collected during the TC over-flight, which would mitigate
any transient calibration drift. This new approach used an a priori model of hurricane wind and
rain fields to model collocated HIRAD brightness temperatures. Next, the probability distribution
functions of the modeled and measured Tb's were compared, and the measured Tb's were nonlinearly transformed (calibrated) to cause the two pdf's to agree in a least mean squared sense. This
technique is described in detail in Appendix B, and an example for Hurricane Patricia is given
next.
Consider the Hurricane Patricia ground track on Oct. 22, 2015 that is shown in Figure 3-6.
The HIRAD, operating on board the WB-57 aircraft, executed a "Fig-4" maneuver over Patricia’s
eye (solid red line). The first pass over the storm (Leg-5) was in an approximately southeast
direction, followed by a diagonal leg (Leg-7) and then an approximately northeast pass over the
eye (Leg-9). Also shown is the P-3 aircraft ground track (dashed black line) that are the locations
for SFMR measurements.
To calibrate the HIRAD, it was necessary to provide the a priori 2-D hurricane WS and RR
fields inputs to the HIRAD RTM, which simulated the expected distribution of Tb's that HIRAD
would see. For this purpose, SFMR wind speed and rain rate measurements within ±1-hr of the
HIRAD measurement time were used to produce the modeled WS and RR fields. However, since
these sensors were not simultaneous, we used the technique of "storm relative coordinates" (that
was developed by the NOAA HRD and is described in Appendix A) to provide spatial registration
of SFMR and HIRAD relative to the hurricane center as if they were simultaneous in time. This
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technique assumes that the structure of hurricane wind and rain fields are "spatially frozen" and
that they are advected by the forward motion of the storm. The velocity (speed and direction) of
the storm is estimated from aircraft surveillance and satellite cloud imagery and published by the
National Hurricane Center. So, using the time/location of the HIRAD and SFMR observations,
their respective locations (relative to the eye of the moving hurricane) were calculated. Given the
relatively slow forward motion of the storm (typically 5 - 10 m/s), then over an hour’s period, the
storm center location moves < 50 km. Thus, the accuracy of the collocation of HIRAD and SFMR
(in storm relative coordinates) depends upon the accuracy of the location of the hurricane center
of rotation and upon the accuracy of the storm velocity of forward motion. It is reasonable to
assume that collocation errors of ~ 10 km could occur, and these are significant when considering
the strong WS gradients in the hurricane eye wall. Also, because the hurricane is evolving in time,
the magnitude and shape of the wind and rain fields are not static, which further contributes
unknown errors in collocating measurements that are not simultaneous. However, our calibration
technique is robust in that it mitigates collocation errors uncertainty by matching the distribution
of brightness temperatures, which is described below.
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Figure 3-6: Hurricane Patricia Storm Track (blue), WB-57 Flight track (solid red) and P-3 Flight track
(dotted black), on Oct. 22, 2015. Arrows (color coordinated) indicate the direction of motion.

So, to calibrate the HIRAD Tb images, we must estimate the wind speed and rain rate that
at the individual sub-beam positions. For this purpose, we perform a polar interpolation of the
corresponding SFMR WS and RR retrievals by dividing the P-3 transects into 4 vectors, which
represent the quadrants of the storm. This is shown in Figure 3-7, where the SFMR interpolated
wind and rain fields in storm relative coordinates are presented, with the P-3 flight track
superimposed. Note that the eye wall peak WS (panel-a) occurs in the NE quadrant, with spiraling
rain bands in (panel-b), which are plotted in logarithmic units of mm/hr (dBR), to accentuate the
rain features.
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Figure 3-7: SFMR 2-D Interpolated wind and rain measurements with P-3 Flight track superimposed, where
(a) is the wind speeds (m/s) and (b) is the rain rate (dBR).

For our purposes, the resulting 2-D wind speed and rain rate fields need not be spatially
accurate, but rather, it is assumed that they provide a reasonable statistical distribution of the winds
and rains that are observed by HIRAD. Also, this method assumes a quasi-polar symmetry of the
hurricane, with the 2-D wind and rain structure being approximately frozen [41], which is advected
by the forward motion of the storm.
Using this method, SFMR winds are interpolated to the HIRAD measurement locations
(cross-track beam positions) in storm-relative coordinates for Patricia Leg-5, which is a southeast
transect. This is presented in Figure 3-8, where interpolated winds are given in panel-a and rain
rates in panel-b.
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Figure 3-8: SFMR Interpolated winds and rains over the HIRAD measurement swath for Hurricane Patricia
Leg-5.

For this pass over Patricia, HIRAD is coincident with SFMR at the end of the leg, but
because the two aircraft were flying in opposite directions, they were displaced by ~1 hour at the
beginning, which is illustrated in Figure 3-9 with the corresponding GMT times labeled at the
beginning and end of the HIRAD leg.
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Figure 3-9: HIRAD Collocation with SFMR wind speeds, where the P-3 track is given in dotted black and the
WB-57 in solid red. Numbers are the GMT in decimal hours.

Using the SFMR interpolated WS and RR (shown in Figure 3-8), with time interpolated
GDAS atmospheric parameters, the HIRAD TA's are modeled using the RTM (at the pixel
locations of the HIRAD measurements for each channel). Next, consider the comparison of
measured (panel-a) and modeled (panel-b) excess-TA for channel 5 that are presented in Figure
3-10. Also shown (panel-c) is the difference between measured and modeled TA. Note that the
modeled TA between 600-700 along-track distance is much greater (~ 40 K) than the measured,
which implies that the MSFC brightness temperature dynamic range is too low.
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Figure 3-10: 5.0 GHz Measured Excess-TA (a), Modeled Excess-TA (b), and Modeled - Measured over
Hurricane Patricia (c).

The time series of the modeled and measured brightness temperatures for the nadir beam
position are compared in Figure 3-11 (panel-a), Also shown in (panel-b) is the corresponding
scatter diagram. Note that there are two separate branches of data that are the result of collocation
errors in storm relative coordinates and/or dynamic changes in the storm WS over time. Therefore,
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to mitigate the collocation error effects, an empirical statistical matching procedure was developed
to calibrate HIRAD.

Figure 3-11: 5.0 GHz Nadir, measured and modeled comparison where (a) is the time-series and (b) is the
measured to modeled scatter diagram.

Our new calibration approach is based upon the assumption that the SFMR data are
statistically representative of the 2-dimensional hurricane structure. Thus, after the HIRAD
calibration, the PDF’s of the measured and modeled brightness temperatures should match. To
accomplish this, the two TA data sets are sorted in ascending order and then a one-to-one mapping
of measured to modeled is made, as shown in Figure 3-12. In panel-a, note that the original MSFC
linear calibration captures the bottom portion of the TA distribution; however, the distributions
diverge at the high end of TA values for TA>145 K. The corresponding scatter diagram presented
in panel-b is slightly non-linear (see corresponding linear and cubic regression curves).
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Figure 3-12: 5.0 GHZ Nadir measured to modeled antenna temperature comparisons after sorting, where (a)
are the samples in ascending order, and (b) is the corresponding scatter diagram with linear and cubic
regression fits.

In this procedure, the sorting is equivalent to producing the histogram of the modeled and
measured TA's, which are plotted in Figure 3-13 panel-a along with the corresponding cumulative
distribution function (CDF) of the measured and modeled Figure 3-13 panel-b. For this case, the
major difference is that the dynamic range of the measured TA's is too low (compared to the
modeled TA's that are based upon the a priori WS and RR models). The measured data are
calibrated by creating a look-up table of the measured to modeled, where measurements below the
minimum are set to the minimum value, and measurements above the maximum, are extrapolated
using the last 10% of points from the table. Once calibrated, the histograms match, indicating that
the calibrated measurements are properly matching the estimated hurricane data. However, it is
important to note that the modeled WS and RR fields are not the “truth”, but rather a best estimate
for a given scenario, and this will be discussed further in Chapter 4 validation. In practice, each
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HIRAD leg is calibrated using this approach, and a summary of the calibration transfer function
for all hurricanes over various sub-beam positions (EIA's) are given in Appendix C.

Figure 3-13: The PDF (a) and CDF (b) of the measurements for 5.0 GHz beam 161 nadir before calibration,
after calibration, and the modeled are given.

The measured TA's are then transformed by sub-beam using the look-up table described
above. Next, the data are converted from TA to TB, and Nyquist sampled, using a 50% overlap of
the beams. This results in measured TB images that are a compressed dataset of 45-beams in the
cross-track, which is the true cross-track resolution (IFOV) of the instrument, and 1 km steps in
the along-track direction.
An example of 6 GHz excess-TB images (before and after calibration) are shown in Figure
3-14. Note that in the original MSFC data (panel-a,) the peak of the dynamic range is near 110 K,
whereas in our calibrated data (panel-b) the peak is near 130 K. Thus, the new CFRSL calibration
extends the dynamic range to higher brightness temperatures (see the difference of MSFC- CFRSL
presented in panel-c in the blue region indicated by the arrow). The resulting 20 K difference is
significant because it is equivalent to approximately 20 m/s increase in WS.
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Figure 3-14: HIRAD Excess-TB for 6 GHz, where (a) is the MSFC provided dataset, (b) is the calibrated
dataset by CFRSL, and (c) is the MSFC - CFRSL TB difference.

Further, a necessary condition for an acceptable calibration is that the measured hurricane
brightness at the top of the atmospheric must increase with channel frequency. To demonstrate
that the new CFRSL calibration satisfies this constraint, the time series of the four frequency TB
measurements are plotted in Figure 3-15 for 𝐸𝐼𝐴 = ±50, ±30, and 0°. Note that this constraint is
satisfied over the entire dynamic range of TB's except for a few minor exceptions at the low
brightness temperatures, where cross-over occurs because of random measurement noise (deltaTB of a few Kelvin).
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Figure 3-15: Calibrated Nadir TB for the 4.0, 5.0, 6.0 and 6.6 GHz channels, where (a) is -50°, (b) is +50°, (c)
is -30°, (d) is +30° and (e) is 0°
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3.4

HIRAD Hurricane Retrieval Algorithm
Ocean WS and RR are retrieved on a pixel-by-pixel basis from the multi-channel HIRAD

brightness temperatures at the 45 antenna beam positions using a 2-D iterative search method to
minimize the HIRAD cost function [42] given as
𝑐𝑜𝑠𝑡 = ∑|𝑇𝐵𝑖 − 𝑇𝑏𝑖 |

(10)

𝑖

where index i is the HIRAD channel (frequency), TB is the measured HIRAD brightness
temperature, and Tb is the corresponding modeled brightness temperature.
Also, note that the cost function is the sum of the absolute error (measured - modeled),
rather than the more typical squared error, because this is more resistant to outliers, thereby
reducing retrieval errors due to non-geophysical, non-gaussian noise [43]. For example, consider
an outlier TB measurement at 4 GHz shown in Figure 3-15 panel-a at the along-track distance of
20 km. At this point, the 4 GHz brightness temperature appears to be about 10 K too high compared
with the other channels i.e., it violates the monotonic increase with frequency constraint. For thus
case, the other channels are close to the true value (within ± 2 K error, which is the approximate
measurement noise, delta-T), so the cost would be dominated by the 4 GHz term with a squared
residual of 112 K, rather than a linear residual of 16 K. The maximum likelihood estimate (MLE)
of the true ws and rr is the (ws, rr) pair that minimizes the error cost function, and for the HIRAD
RTM [30], the shape of the cost surface is concave, with a single absolute minimum and no local
minima. An example of the cost surface for the peak wind speed near the eyewall of Hurricane
Patricia is given in Figure 3-16, where the color is the value of the cost function expresses as dB,
and the minimum occurs for zero rain rate and a 46 m/s. A second example shown in Figure 3-17
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is a nearby measurement in the eyewall with rain. The single minimum solution occurs for WS of
34 m/s and a RR of 27.5 mm/hr.

Figure 3-16: Example of a Cost Function solution for a near zero rain rate measurement in the eye wall,
where cost is plotted in dB units.
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Figure 3-17: Example of a Cost Function solution in a high rain measurement in the eye wall, where cost is
plotted in dB units.

Often, the cost function solution for pixels with high rain, tends to underestimate the winds.
This is because the rain emission constitutes the majority portion of the total measured brightness
temperature and because at high rain rates, the surface emission (WS signal) is significantly
attenuated. For these cases, the required brightness measurement precision, to separate the WS and
RR signals, is significantly increased (compared to that for low RR), but having multiple
frequencies helps because of the dispersive nature of the rain brightness. Unfortunately, because
of hardware related issues, for many HIRAD flights, there are only 2 or 3 available channels. This
coupled with measurement noise and the sensitivity of the cost function, frequently results in
erroneously low wind speed measurements being retrieved. An example is shown in Figure 3-18
where low wind speeds in (upper panel) are due to high rain in (lower panel), which are identified
by red and blue ellipses respectively. In this figure, one can see a direct correlation between the
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drop in winds with the increase in rain rate. These are not good geophysical retrievals, and this has
been a recurring issue for HIRAD.

Figure 3-18: Example of bad HIRAD geophysical retrievals for Hurricane Patricia: (upper panel) anomalous
low WS (m/s) are red ellipses and (lower panel) anomalous high RR (dBR) are blue ellipses.

For the WS validation presented in Chapter 4, the affected regions are subjectively flagged,
by using the modeled WS to detect these errors. This is accomplished by comparing HIRAD wind
speeds with the SFMR interpolated reference WS model, where HIRAD pixels that measure rain
> 5 mm/hr and the corresponding wind speeds are > 5 m/s lower than SFMR interpolated values
are flagged as erroneous retrievals. This is shown in Figure 3-19, where flagged WS retrievals are
removed from the scene (shown in white). In this image ~13% of measurements are flagged. This
QC method is a simple ad-hoc fix, but a more robust multi-parameter quality control flag should
be developed for future work.
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Figure 3-19: HIRAD wind speeds for Hurricane Patricia with flagged areas (white) removed.

So, after flagged values are removed, then the remaining data are gridded on a hurricane
centric polar coordinate system, where removed WS's are interpolated using neighboring points.
This polar gridding, which is performed in 5° and 2 km increments, acts as a low-pass filter, since
points are averaged together, with a finer resolution towards the eye, producing a smoother result.
The gridded points are then interpolated back to the HIRAD swath, as shown in Figure 3-20. Rain
rates are then retrieved by using the wind speeds as an input, and solving for the rr, which
minimizes the cost error. In (upper panel-a) the wind speeds are smoothed and continuous through
the rain. Also, in (lower panel-b), in previously flagged regions, the peak rains are lower, which is
to be expected since the winds in the region are now higher given the same TB measurement (the
energy is going into the winds). Although these retrievals seem improved with the non-geophysical
noise removed, the accuracy will be analyzed in the next chapter.
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Figure 3-20: Hurricane Patricia HIRAD wind speed (a) and rain rate (b) retrievals after quality control
processing.

This figure is the final data product of the retrieval algorithm, where the “flagging” of
invalid data is subjective. Flagged data are removed during the wind speed validation, while rains
retrieved after processing are used in the validation.
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CHAPTER 4: RESULTS AND VALIDATION

This chapter presents results and statistical comparisons of HIRAD WS and RR retrievals
with surface wind speed dropwindsonde, SFMR, and HIWRAP measurements for 2 flights of the
NASA HS3 mission and 4 flights of the NASA TCI campaign. Only HIRAD hurricane flights,
with SFMR hurricane measurements within +/- 1 hr of the HIRAD measurement time, are selected
and are tabulated in Table 2, and note that only the two HS3 flights (2013 & 23014) have HIWRAP
available, which is operated on the same aircraft as HIRAD. Also, for multiple HIRAD flights, of
the same storm on different days, there is a number appended to indicate the available day of
analysis e.g., Patricia1, Patricia2 and Patrica3. The column named "Reg" is the region of the storm
location, and "Cat" is the WS category of the storm. Finally note that SFMR and dropwindsondes
are available on all flights.
Table 2: HS3 and TCI Hurricane Flights and Instruments.
Category: Hurricane/Category (H#) and Tropical Storm (TS)
Regions: Gulf of Mexico (G), Caribbean Sea (C), and Central Pacific Ocean (CP)
Date
Mission Reg.
Storm
Cat. WS (kt) HIWRAP SFMR D
✓
✓
✓
15 Sep 2013
HS3
G
Ingrid
H1
75-65
17 Oct 2014

HS3

C

Gonzalo3

H4

120-105

✓

✓

✓

28 Sep 2015

TCI

CP

Marty

H1

55-70



✓

✓

21 Oct 2015

TCI

CP

Patricia1

TS

35-50



✓

✓

✓

✓

✓

✓

22 Oct 2015

TCI

CP

Patricia2

H4

60-115



23 Oct 2015

TCI

CP

Patricia3

H5

185



For the comparisons that follow, the HIRAD TA imagery is calibrated, on individual legs
of every storm, using independent a priori hurricane WS and RR 2D models that are based upon
SFMR interpolated wind speeds within ±1 hr of the HIRAD measurements. Afterwards, the
HIRAD retrievals of WS and RR are compared with the surface WS measurements to validate the
HIRAD results. For this analysis, all flagged data are removed before the wind speed comparisons
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are made with: (1) the dropwindsondes in Section 4.2, (2) SFMR in 4.3, (3) HIWRAP in 4.4 and
(4) LFR (for RR only) in 4.5.
Although validated against several sources, this is not sufficient to validate the
methodology. One could argue that HIRAD is merely replicating the quality of the SFMR
measurement to which the HIRAD calibration is tuned. Therefore, in 4.6 the HIRAD retrievals of
WS and the model used to calibrate HIRAD, are both compared against SFMR and the
dropwindsondes to show that HIRAD adds additional information (skill), above the "imperfect
calibration source".

4.1

Peak Wind Speed Comparisons
Hurricane Patricia, occurred in the Central Pacific Ocean southwest of Mexico, and the

NASA WB-57 conducted three flights on consecutive days. During this period, the hurricane
transitioned from an H1 category on day-1, and on the second day it underwent a rapid
intensification to an H-4 (peaking to an H-5 overnight), and then on the third day, it weakened to
an H-4, while it made landfall.
The first day of HIRAD measurements was Oct. 21, 2015, and the composite HIRAD
retrieved WS and RR fields for 3 legs are shown in Figure 4-1, where two of the three passes were
transects of the eyewall. During this flight, HIRAD measured peak winds of 31.93 m/s, while
SFMR measured 27.80 m/s, TC-vitals, which is an NHC broadcast every 6 hrs forecasted 18 m/s
and the Tropical Cyclone Report (TCR), which is a post analysis from the NHC was 29.7 m/s.
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Figure 4-1: Hurricane Patricia Retrievals Oct 21, 2015, where the left panel is wind speed, and the right panel
is rain rate. The axes are storm-relative coordinates.

The second day of HIRAD measurements was on Oct. 22, and the WB-57 flew a Fig-4
pattern over Patricia, and the WS (left panel) and RR (right panel) retrievals are given in Figure
4-2. At this time, the intensity of the hurricane has increased to H4, and the diameter of the eyewall
has reduced significantly (compared to the previous day). During this flight, HIRAD measured
peak winds of 62.33 m/s while SFMR measured 59.3 m/s, TC-Vitals forecasted 60.61 m/s, and the
TCR was estimated 65.7m/s.

43

Figure 4-2: Hurricane Patricia Retrievals Oct 22, 2015, where left panel is wind speed and right panel is rain
rate. The axes are in storm-relative coordinates.

The final day of HIRAD measurements for Patricia was Oct. 23, and the three flight legs
are shown in Figure 4-3, where HIRAD measured a single transect over the eye. At this time, the
WS was decreasing as Patricia made landfall. During this flight HIRAD measured peak winds of
62.99 m/s, SFMR measured 70.4 m/s (although it measured 92.9 m/s just 2 hours earlier), and the
TC-Vitals forecast was 90 m/s and the TCR was 81.3 m/s.
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Figure 4-3: Hurricane Patricia Retrievals Oct 23, 2015, where the left panel is wind speed, and the right panel
is rain rate. The axes are storm-relative coordinates.

Details of HIRAD measurements for other hurricanes (listed in Table-2) are provided in
Appendix-D, and the peak wind speeds for each flight (including Patricia) are tabulated in Table
3, with the corresponding the SFMR, NHC TC-vitals (TCV) and the TCR max wind speeds. Note
that the TCV and TCR data come in in 6-hr increments, which are linearly interpolated to the flight
time.
In general, the HIRAD peak WS's compare more favorably with SFMR than with TCV and
TCR values, and this is good because both are measurements. On the other hand, TCV and TCR
are more subjective estimates, which may not be as reliable. Also, the following explanations are
offered to explain large differences. During Ingrid, HIRAD measures peak winds that are below
the TCV and the TCR values, however for this storm HIRAD did not measure the eyewall where
the peak winds occurred. For Marty, HIRAD measured peak winds about 12 - 15 m/s higher than
the other three values, and this is probably an overestimation by HIRAD. Finally, for Patricia3,
HIRAD measured 63.0 m/s compared to SFMR's 70.4 m/s, but both were significantly lower than
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TCV and TCR. The reason may have been related to the rapid decrease in the hurricane winds as
it made landfall, and the failure of TCV and TCR to make good estimates during this transient
event. Also, it is noted that there are questions concerning the SFMR wind speed retrieval accuracy
at high winds [44]. Further, because the wide swath of HIRAD, it is expected that HIRAD would
always observe the peak winds, whereas SFMR only measures a narrow strip that could miss the
peak winds. However, there is another possible exception in that the SFMR has a smaller spatial
resolution (~ 1.4 km), while HIRAD varies from about 2 km to 7 km. So, the larger spatial
resolution for HIRAD may result in a lower peak WS, when both observe the same location.
One of the primary objectives of HIRAD is to capture the entirety of the eyewall to provide
improved peak wind speed estimates to categorize the intensity of the storm. Since HIRAD in
general agrees with the corresponding measurements, these results are promising, although the low
wind in Patricia3 should be investigated. Also, one can expect the TCR to be in a 10% accuracy.
“The NHC intensity estimates are just that - estimates…. In general, we feel as though
the NHC intensity estimates are good to within +/-10%. Furthermore, in a rapidly
changing storm, there’s no reason to think that changes between best track times [wind
speeds] would be linear, although granted there’s not much you can do about that
except to acknowledge the uncertainties.”
- J. Franklin, personal communication, July 11, 2022
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Table 3: Comparison of Peak Winds.

4.2

Hurricane

HIRAD

SFMR

TC Vitals

TCR Report

Ingrid

26.06

31.5

33

35.75

Gonzalo3

51.67

44.2

55.80

53.9

Marty

50.49

35.5

33.87

37.7

Patricia1

31.93

27.8

18

29.7

Patricia2

62.33

59.3

60.61

65.7

Patricia3

62.99

70.4
(92.9 2 hrs earlier)

90

81.3

Dropwindsonde Comparisons
Dropwindsondes are aircraft deployed, in-situ sensors with drag chutes that use GPS

technology to derive the vertical profile of wind through the hurricane, as it falls to the surface
(sampling 4 measurements per second). Since many dropsondes are destroyed on the way to the
surface, the desired 10 m height surface wind measurements are not usually available. Further,
because of high ocean wave heights (> 10 m) in hurricanes, it is impossible to know the sonde
height above the mean sea level.
To remedy this, winds from a higher altitude in the storm are translated to the 10 m surface
reference point using the following procedure. First, winds from the lowest available measurement
(typically about 40 m above the surface) to 150 m above the lowest measurement (about 190 m)
are averaged together. This horizontal WS is then translated to the desired surface height (10 m)
by multiplying by the coefficient given in Figure 4-4, where the coefficient is selected based on
the mean altitude in the 150 m range. This wind speed is known as the WL150 wind, and the
longitude and latitude of the measurement is the mean storm-relative longitude and latitude over
the 150 m range, and the time is the mean time over the same range. This procedure was provided
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via personal correspondence with James Franklin, who developed this method with NHC, and
personally validated this work. Although this method is validated for eyewall soundings, it is also
commonly applied elsewhere in the hurricane.

Figure 4-4: Dropwindsonde surface wind speed reduction factor [44].

HIRAD measurements within 5 km and ±1 hr of the dropsonde location are averaged after
removing outliers, where outliers are defined as the HIRAD measurement being greater than twice
or less than half the WL150 measurement. The corresponding dropwindsonde locations are shown
in Figure 4-5, Figure 4-6, and Figure 4-7 for the 3 days of HIRAD observations of Hurricane
Patricia, where usually several dropwindsondes are in the eyewall. The corresponding results for
the other 3 hurricane flights are shown in Appendix-D. During the HIRAD calibration, SFMR
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measurements within the eye were judiciously removed, so that only measurement locations ≥
eyewall radius are used. Also, these deleted SFMR measurements give us an approximation of the
eyewall location, thus, to minimize error in the WS validation analysis, HIRAD measurements that
are inside of the eyewall region are also removed. This can be seen in all figures as the white
regions centered on the eye location, where white regions in the measurements outside of the eye
are the flagged HIRAD measurements that produced low wind speed retrievals during rain.

Figure 4-5: Dropwindsonde comparison of Hurricane Patricia1, where the x and y axis storm relative
coordinates, the color bar is wind speed m/s, and an approximate 5 km radius around the dropwindsonde
measurement location is given by the black circles.
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Figure 4-6: Dropwindsonde comparison of Hurricane Patricia2, where the x and y axis storm relative
coordinates, the color bar is wind speed m/s, and an approximate 5 km radius around the dropwindsonde
measurement location is given by the black circles.

Figure 4-7: Dropwindsonde comparison of Hurricane Patricia3, where the x and y axis storm relative
coordinates, the color bar is wind speed m/s, and an approximate 5 km radius around the dropwindsonde
measurement location is given by the black circles.
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The scatter diagram as a function of wind speed is given in Figure 4-8, where a one-to-one
linear trendline is given in black. From the linear regression line and tight grouping of
measurements about this line, there is a strong linear trend. The difference as a function of EIA is
given in Figure 4-9, where the same rejected and filtered points are presented in (blue) and (red)
respectively. Note that the differences between HIRAD and the dropwindsondes are essentially
invariant of EIA angle, which confirms that the HIRAD ocean emissivity model [29] accurately
captures the variability of brightness with EIA.

Figure 4-8: Dropwindsonde to HIRAD scatter comparison for 6 flights, where the blue symbols are rejected
measurements, red symbols are measurements used in analysis, the red line is the linear regression and the
black line is a one-to-one trendline.

51

Figure 4-9: Dropwindsonde/HIRAD wind speed differences as a function of EIA for 6 flights, where the blue
symbols are rejected measurements, red symbols are measurements used in analysis.

The statistical comparison of the HIRAD measurements to the dropwindsondes are given
in Table 4, where HIRAD tends to measure slightly higher wind speeds than the dropwindsondes.
This does not necessarily mean that the HIRAD measurements are wrong, since dropwindsondes
are not direct measures of the 10 m surface winds. Also, the collocation of measurements in storm
relative coordinates is subject to large errors depending on the duration of time between the
measurements and the movement of the storm. Overall, HIRAD measurements have a mean error
of -1.7 m/s with an RMSE of 4.7, which is very good for hurricane comparisons.
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Table 4: HIRAD difference statistics with Dropsonde (Dropsonde – HIRAD) m/s, where the mean error
(ME), standard error (SE) and root mean squared error (RMSE) are given for each.
Hurricane

Samples
HIRAD

ME HIRAD

SE
HIRAD

RMSE
HIRAD

Ingrid

5

-0.7

2.5

2.3

Gonzalo3

13

-0.3

3.9

3.8

Marty

50

0.3

3.7

3.7

Patricia1

46

-1.2

3.0

3.2

Patricia2

45

-4.1

4.0

5.6

Patricia3

49

-2.5

5.2

5.9

Total

208

-1.7

3.2

4.7

Next, the measurements are binned with respect to dropwindsonde wind speeds, and the
statistics are given in Table 5, where the mean differences are small and the RMS difference for
hurricane wind speeds between 30 and 50 m/s are < 14 %. Because the variances of two random
process add, assuming that there is 10% error in the dropwindsonde measurements implies that the
resulting HIRAD WS measurement is also 10%, which meets the desired performance
specification (± 10%). However, for the highest bin > 50 m/s, when the 3 observations are too
small for reliable statistics.

Table 5: HIRAD binned difference statistics as a function of HIRAD wind speed (Dropsonde – HIRAD) m/s,
where the mean error (ME), standard error (SE) and root mean squared error (RMSE) are given for each.
Wind Speed

Samples

ME

SE

RMS

< 20

106

-2.8

2.5

4.2

20-30

52

-0.3

3.3

5.0

30-40

21

-1.6

3.3

4.8

40-50

17

-0.2

4.4

5.7

50 +

3

3.4

5.3

7.0
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Next, the comparison of HIRAD and dropwindsonde WS differences binned by EIA are
given in Table 6. Based upon these statistics, the difference appears to be invariant of incidence
angle, which is a promising result, because there was a concern was that HIRAD could accurately
retrieve hurricane force winds at high incidence angles, especially in the presence of medium to
heavy rain.

Table 6: HIRAD binned difference statistics as a function of HIRAD EIA (Dropsonde – HIRAD) m/s, where
the mean error (ME), standard error (SE) and root mean squared error (RMSE) are given for each.
EIA

Samples

ME

SE

RMS

< 20

54

-1.4

4.0

4.2

20-35

88

-2.2

4.8

5.3

35-50

44

-1.5

4.0

4.2

50-65

13

-0.3

3.6

3.5

In summary, the HIRAD WS retrievals agree very well with collocated dropwindsonde
measurements, which are our independent validation source. Further, since HIRAD agreed with
the dropwindsondes as a function of wind speed and as a function of incidence angle, it gives
confidence that HIRAD is in fact measuring the true hurricane 2D wind field.

4.3

SFMR Comparison
The SFMR instrument retrieves 10 m surface wind speeds and path average rain rates in a

figure-4 flight pattern within ±1 hr of the HIRAD observations of the hurricane. Using stormrelative coordinate the spatial collocation is achieved for SFMR measurements, and comparisons
between HIRAD are made by taking the mean HIRAD measurement within 2.5 km of the SFMR
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measurement, where the cluster of points with the nearest time is taken and averaged (e.g., if
there’s 2 sets of measurements 0.2 hr and 0.8 hrs apart, we take the mean of the 0.2 cluster).
The SFMR collocation during Hurricane Patricia1 is given in panel-a that shows the
East/West transect. Although, there are very few collocations, they seem to agree with SFMR. On
the other hand, panel-b contains most collocated points, where on the south side, between -1.3 to
-0.5 storm relative longitudes, HIRAD wind speeds are slightly higher than those of SFMR. On
the Northern side of the transect, HIRAD winds are in good agreement with SFMR between
relative longitudes 0.2 to 0.9, but HIRAD does not detect a rain band between 0.3 to 0.4 relative
longitudes.

Figure 4-10: SFMR Figure-4 Transects for Hurricane Patricia1, where (a) is an East/West Transect and (b) is
a North/South transect. The negative directions are in the West/South directions.

SFMR collocations for Patricia2 are given in Figure 4-11, where in panel-a there is
excellent agreement in the eyewall region, but there is moderate disagreement at the western region
from -1.5 to -1.2 relative longitude. This may be because the HIRAD measurements occur at the
very edge of the 1 hr time window. On the other hand, in panel-b HIRAD has excellent agreement
with SFMR, matching almost identically the WS profile into and out of the eyewall. This transect
is the example used in calibration during Chapter 3, where this is in a sense, a best-case scenario.
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In this transect, the SFMR is coincident in time on the southern end of flight, while about 1 hr
displaced at the northern side. During this period Hurricane Patricia was rapidly evolving into an
H-5, so one would expect that the SFMR peak eyewall measurement on the northern side at 0.15
to be higher than that of HIRAD.

Figure 4-11: SFMR Figure-4 Transects for Hurricane Patricia2, where (a) is an East/West Transect and (b) is
a North/South transect. The negative directions are in the West/South directions.

The final WB-57 transect occurs for Patricia3 as it quickly decreases from its peak of an
H-5 to an H-4 as it makes landfall at the southwestern coast of Mexico. This is shown in Figure
4-12, which is a North/South transect, approximately 25 minutes displaced from HIRAD during
the entire flight line, as the P-3 aircraft (carrying SFMR) is following the WB-57 (carrying
HIRAD). During this transect HIRAD tends to agree with SFMR except for the peak eyewall at 0.1 relative longitude.
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Figure 4-12: SFMR Figure-4 Transects for Hurricane Patricia3 a North/South transect is given where South
is the negative direction.

The scatter diagram of the HIRAD to SFMR wind speeds, is given in Figure 4-13, which
has a slope of 0.9 indicating a very strong correlation between the HIRAD and SFMR
measurements. Since there is strong agreement, between the two, it indicates that the calibration
was performed as expected, and that the wind speeds of the calibration source match that of the
HIRAD output.
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Figure 4-13: SFMR to HIRAD wind speed scatter diagram for all flights where the x-axis is SFMR, and the yaxis is HIRAD.

The SFMR – HIRAD wind speed difference as a function of EIA is presented in Figure
4-14, where one can see that there is no obvious bias a function of EIA. This shows that HIRAD
is matching SFMR through the 2-dimensional wind field.
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Figure 4-14: SFMR -HIRAD scatter as a function of EIA.

A statistical comparison of both HIRAD wind speeds and rain rates are taken over the 6
hurricane flights which are as tabulated in Table 7 below. Notice that the HIRAD winds have a
mean error and standard deviation of -0.2 and 3.3 m/s, which is a very strong agreement. On the
other hand, the HIRAD rains rate magnitudes are not reliable, where it has been independently
verified using HIWRAP in section 4.3, that HIRAD produces many anomalous rain rates, yet
HIRAD can produce an accurate image of the relative structure of the rain bands.
Table 7: SFMR - HIRAD wind speed (m/s) and rain rate (mm/hr) comparison, where the mean error (ME),
standard error (SE) and root mean squared error (RMSE) are given for each.
Hurricane Samples

ME
WS

SE
WS

RMSE
WS

ME
RR

SE
RR

RMSE
RR

Ingrid

1.5 k

0.0

3.0

3.0

-0.8

5.3

5.3

Gonzalo3

2.0 k

0.7

1.7

1.8

-0.7

4.7

4.7

Marty

1.5 k

-1.5

4.4

4.7

1.6

10.0

10.2

Patricia1

1.6 k

-1.0

3.1

3.3

5.0

9.9

10.7

Patricia2

2.6 k

0.0

3.2

3.2

0.2

10.6

7.5

Patricia3

2.5 k

0.0

3.4

3.4

-2.1

8.6

10.8

Total

11.7 k

-0.2

3.3

3.3

0.2

7.6

8.6
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4.4

HIWRAP Comparison
The HIWRAP radar was available during HS3 flights, where being a specialized scientific

radar designed to measure precipitation in the atmosphere, is easily able to detect rain. This
conically scanning radar is collocated on the same aircraft as HIRAD producing coincident and
simultaneous measurements of wind speed and rain rate. For this analysis HIWRAP rain rates and
wind speeds are compared to HIRAD, where HIWRAP can reliably measure winds < 30 m/s,
where above 30 m/s, the geophysical model function (GMF) is extrapolated. The procedure to
calibrate HIWRAP is given in Appendix E, while the procedure to retrieve winds and rains is given
in [45], where the Z-R relationship in [46] is used. For this work, HIWRAP winds are retrieved
using an 8 km resolution in the along-track and a 16 km resolution in the cross-track, where there
are two cross-track measurements for each along-track step.
HIWRAP retrievals over hurricane Ingrid with corresponding analysis are given in
Appendix D, where this section presents hurricane Gonzalo. Retrievals are given in Figure 4-15,
where panel-a is the path average rain rate at the surface gate location, and panel-b is the ocean
vector winds, where the arrows are the wind direction in oceanographic convention (points in the
flow direction).

60

Figure 4-15: HIWRAP WS and RR during Hurricane Gonzalo Oct 17, 2014, where the corresponding
HIRAD Leg numbers are shown in red.

HIWRAP’s inner and outer beams at 30° and 40° produce 3-dimensional rain fields, where
gridding the data in 500 m cubes in 3-D space, and interpolating to the slant path of HIRAD, we
can estimate the path average rain rate for beams within 40° from nadir. For the following analysis
HIWRAP RR and WS measurements are collocated to the HIRAD nadir beam position.
HIWRAP measurements are collocated to HIRAD Leg-4 during Hurricane Gonzalo as
given in Figure 4-16. In this figure, one can see that HIWRAP wind speeds agree with HIRAD.
At along track 140 to 170, one can see that HIRAD wind speeds increase, in direct correlation to
HIWRAP rains. We think that this is because HIRAD is misinterpreting rains for winds. During
along-track 0 to 30 and 55 to 125, HIWRAP detects virtually no rain, while HIRAD measures rain
of the order of 5 to 10 mm/hr. We believe that these HIRAD rains are incorrect, since HIWRAP
is designed specifically to measure rain. Although, at the end of the flight-line, HIWRAP and
HIRAD rains tend to agree. It should be noted that HIWRAP and HIRAD tend to agree with the
location of the eyewall at along track 100 and 150 respectively.
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Figure 4-16: HIWRAP Collocated WS and RR onto HIRAD Leg 4 during Hurricane Gonzalo.

The vertical profile of rain is given in Figure 4-17, where the heavy vertical column of rain
at 160 km correlated with the rise in HIRAD wind speed further verifying the assumption that
HIRAD is mismeasuring winds for rains. When comparing the relative structure between HIRAD
(Figure 4-16) and HIWRAP rains (Figure 4-17), it is clear that the regions between 0 to 30 km and
55 to 130 km have no rain, and that the HIRAD rain measurement of about 5 mm/hr is in error.
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Figure 4-17: HIWRAP Collocation Vertical Rain Profile onto HIRAD Leg 4 during Hurricane Gonzalo.

HIWRAP measurements are collocated to HIRAD Leg-5, in Figure 4-18, where there is
rain throughout. During regions where there are HIWRAP retrievals, wind speeds seem to be in
error, which could easily be because they are rained out, and not enough clear-sky measurements
are available to attain a valid wind speed retrieval. The rains do agree though through the alongtrack dimension, where rain rates are around 5 mm/hr, indicating that HIRAD is properly
measuring the rain. This is further verified in the vertical profile of rain in Figure 4-19, where
HIWRAP detects rain throughout below 5 km. Also, the dip in rain rates at along-track 95 km is
correlated between HIRAD and HIWRAP.
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Figure 4-18: HIWRAP Collocated WS and RR onto HIRAD Leg 5 during Hurricane Gonzalo.

Figure 4-19: HIWRAP Collocation Vertical Rain Profile onto HIRAD Leg 5 during Hurricane Gonzalo.
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HIWRAP measurements are collocated to HIRAD Leg-6, in Figure 4-20. During this leg
of flight, the HIWRAP eyewall location at the along-track locations 65 and 120 are coincident,
indicating that both instruments are viewing the eyewall at the same location. HWIRAP winds
tend to agree with HIRAD during along-track 40 to 50 and 105 to 120, while disagreeing otherwise.
Throughout the flight-line (not including the eye), HIWRAP rains tend to disagree with HIRAD.
This can be seen during along-track 20 to 50, where HIWRAP measures almost no rain, while
HIRAD measures close to 5 mm/hr, and during along-track 200 to 250, where HIWRAP also
measure no rain, while HIRAD measures close to 8 mm/hr. Between along-track 100 to 200,
HIWRAP does detect rain, although not indirect correlation with HIRAD, indicating that maybe
HIRAD is mismeasuring some of the rains. This is especially visible during along-track location
165, where there is a rapid decrease in rain rate, while HIWRAP falls only slightly.
The vertical profile of rain is plotted in Figure 4-21, where at this 165 km along-track, there
is a gap in the rains indicating that the drop in rains from HIRAD is true. Also, the vertical profile
is quite correlative with the HIRAD rains during 130 to 170 along-track.
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Figure 4-20: HIWRAP Collocated WS and RR onto HIRAD Leg 6 during Hurricane Gonzalo.

Figure 4-21: HIWRAP Collocation Vertical Rain Profile onto HIRAD Leg 6 during Hurricane Gonzalo.
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Here we have compared HIWRAP to HIRAD over two hurricane flights, namely
Hurricanes Ingrid (where Ingrid is given in Appendix D) and Gonzalo, where Ingrid was a low H1, while Gonzalo was an H-3 at the time of measurement. During this analysis HIWRAP winds
tend to agree with that of HIRAD, while rain rates tend to disagree at low rains, although they
agree in some regions. It is quite possible, that the disagreement at low rain rates is due to the
atmospheric absorption being incorrect, since they come from large spatial averages from the
GDAS dataset. It should be noted that HIWRAP, being a conically scanning radar, uses fore and
aft measurements to deduce the winds and when averaging the rains, thus there is a small temporal
displacement in the measurements, as the aircraft must travel 30 km for each sample, which results
in a ~2-minute window between fore and aft looks. This could explain why some of the HIWRAP
rains tend to be smoothed, since fore and aft rain measurements are averaged to produce the result.
Statistical comparisons between HIRAD and HIWRAP for these transects are made, which
are tabulated in Table 8. In the Ingrid case, we find that HIRAD and HIWRAP winds strongly
agree with a mean error of -0.1, and the rains with a mean error of -1.7. Although, the rains, where
HIRAD measures > 10 mm/hr of rain, 54.7% of the time HIWRAP detects < 1 mm/hr of rain,
indicating many false events, although the overall volume of rain agrees. In Gonzalo3, although
HIWRAP winds are not reliable, since they are > 30 m/s, are within a mean error of -1.8 m/s. The
rain comparisons are within 3.2 mm/hr, which indicates HIRAD is measuring higher rains. This
may be due to HIWRAP path attenuation due to ice, which is not considered in the retrieval
algorithm, causing HIWRAP rains to be dampened. In this case though, only 24.3% of the rains >
10 mm/hr were mislocated.
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Table 8: HIRAD difference statistics with HIWRAP (HIWRAP – HIRAD) m/s, where the mean error (ME),
standard error (SE) and root mean squared error (RMSE) are given for each.

4.5

Hurricane

ME
WS

SE
WS

RMSE
WS

ME
RR

SE
RR

RMSE
RR

Mislocated

Ingrid

-0.1

2.1

2.1

-1.7

1.7

2.4

54.7

Gonzalo3

-1.8

5.8

6.0

-3.2

4.5

5.5

24.3

Total

-0.8

4.2

4.2

-2.3

3.2

3.9

30.4

%

Lower Fuselage Radar (LFR) Rain Rate Analysis
The LFR is part of the P-3 instrument package and is collocated with SFMR under the ice

layer at 5 km, where LFR reflectivities suffer much less rain attenuation than HIWRAP (13.9 GHz)
as it measures in the C-band (5.37 GHz). The tradeoff though is that it has a range-gate spacing of
900 m, versus HIWRAP’s high resolution 75 m range gate. Three flights are analyzed with LFR,
which are hurricanes Gonzalo3, Patricia2 and Patricia3, where LFR although not spatially
collocated with HIRAD, provides coincident in time measurements. Since LFR has a large vertical
beam width of 4.1°, rains past 60 km from the P-3 begin to interfere with the ocean surface
invalidating the measurements. For this section, we will use LFR up to 200 km, such that the
magnitudes of the rain are invalid, although the measurements are coincident in time, which will
be used to verify the spatial collocation of HIRAD rains. The procedure for the LFR radar
calibration is given in Appendix F, where LFR is calibrated against SFMR rain rates, where rain
rates are retrieved using [45] using the Z-R relationship given in [46].
In this analysis Gonzalo3 is presented while the Patricia analysis is given in Appendix-D.
During the Gonzalo3 flight, the P-3 aircraft was performing a butterfly pattern over the eye. This
produced many coincident in time scans around the eyewall, although since there were many
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aircraft banks, in most cases only half of the radar sweep is available. We will be analyzing 5
separate regions, A through E shown in Figure 4-22.

Figure 4-22: HIRAD Rain Rates over Hurricane Gonzalo, where regions of interest are labels A through E.

LFR rains are plotted for Region A in Figure 4-23, where there is a strong resemblance in
the spatial features between the HIRAD measurement in panel-a and the LFR measurement in
panel-b. This is especially visible in the orange region from (0.2, -0.9) to (0.4, -0.9). This indicates
that the rain band that HIRAD is measuring is the same as what LFR is measuring.
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Figure 4-23: HIRAD Rain Rate (a) and LFR Rain Rate (b) over Region A in storm-relative coordinates.

Region B, which is the eyewall rain band, is plotted in Figure 4-24, where one can see that
the peak rain at (-0.1, 0.15) is at the same location. Also, where the rain begins to drop at (0.2, 0)
for HIRAD, LFR also drops. In the region above the peak rain at (-0.15, 0.2) HIRAD views higher
rain than LFR.

Figure 4-24: HIRAD Rain Rate (a) and LFR Rain Rate (b) over Region B in storm-relative coordinates.
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Region C, the rain band to the north of the storm is plotted in Figure 4-25, where the rains
don’t necessarily agree. The rain bands in the southwest do share a similar structure near (0.7, .04), but in the southeast at (-0.1, 0.5) they do not agree.

Figure 4-25: HIRAD Rain Rate (a) and LFR Rain Rate (b) over Region C in storm-relative coordinates.

The rainy area in northeast quadrant in Region D is plotted in Figure 4-26 using a maximum
range LFR scan. In this there are similar features at (0, 1) and (0.2, 1.2), where the along-track
increase of rain from (-0.18, 1.3) to (1.2,0.4) in panel-a matches the rain band in LFR in panel-b.
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Figure 4-26: HIRAD Rain Rate (a) and LFR Rain Rate (b) over Region D in storm-relative coordinates.

The rain band at the southwest quadrant in Region E is plotted in Figure 4-27, where there
is striking similarity between the HIRAD image (panel-a) and the LFR image (panel-b). This scan
is taken about 24 minutes before HIRAD, since aircraft banks did not allow for a good LFR
measurement. One can see the prominent rain band in red sharing the same spatial features at (0.75, -0.2). Also, slightly to the west at (-1.0, -0.3) both share an elevated rain, with a gap between
the rains at (-0.8, -0.3).
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Figure 4-27: HIRAD Rain Rate (a) and LFR Rain Rate (b) over Region E in storm-relative coordinates.

4.6

Validation Using Simulated Models
One may argue, that since HIRAD is calibrated against SFMR, that it may be just

replicating measurements of SFMR rather than adding additional information. One way to show
that HIRAD is in fact adding additional information is to calibrate HIRAD using the known
statistic from a simulated model, and then compare the HIRAD and Modeled wind speed
measurements to the dropwindsondes and SFMR. If the HIRAD measurements are in a higher
accuracy than the modeled, then we would say that the HIRAD measurements adds “skill” to the
process. This calculated as follows,
𝑆𝑘𝑖𝑙𝑙12 = 1 −

𝐸𝑟𝑟𝑜𝑟1
𝐸𝑟𝑟𝑜𝑟2

(11)

For example, if HIRAD is in error 3 m/s, and the Model error is 6 m/s, then the skill added by
HIRAD is 50%, since it reduced the error by 50% [47]. On the converse, if HIRAD is in error of
6 m/s, and the Model error is 3 m/s, then HIRAD reduces skill by -100%.
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For this validation, HIRAD is calibrated against two different models, where the skill is
computed by comparing HIRAD and the model used to calibrate against SFMR and the
dropwindsondes. This is as described in the block diagram of Figure 4-28, where the modeled rain
rates and wind speeds are used to calibrate HIRAD. Then the HIRAD measurements and the model
used to calibrate HIRAD have error statistics calculated against both the dropwindsondes and
SFMR. Using these error statistics, the skill is computed for each case. In previous dropsonde
analysis points that were greater than 2 times or less than ½ of the measurement were removed.
For this analysis, all available measurements will be used, as to remove bias from the analysis,
which will result in higher ME and RMS errors in the statistics.

Figure 4-28: Skill Comparison Procedure Block Diagram.

The first model we will use in validation is the SFMR polar interpolated model that was
originally used in calibration. For this comparison, we will only be calculating the skill against the
dropwindsondes, since comparing against SFMR would be comparing against itself. The HIRAD
to SFMR polar interpolated model skill comparison is given in Table 9 as a function of binned
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wind speeds, where wind speeds are binned with respect to the dropwindsondes. As shown in the
table, the higher the wind speeds, the lower the number of observations. While below 20 m/s and
above 50 m/s HIRAD reduces the skill compared to SFMR in the mean, while when between 20
to 50 m/s increases skill, where there is a significant increase in skill between 40 to 50 m/s. When
compared against the RMS, HIRAD increases skill against the SFMR polar interpolated model at
all winds below 50 m/s, while producing reduced skill above 50 m/s.

Table 9: HIRAD to SFMR Polar interpolated Model binned wind speed skill comparison against
dropwindsondes (dropwindsonde – reference), where the mean error (ME), standard error (SE) and skill are
given for each. Entries labeled “invalid” are due to the errors being so low that the relative change is
unreliable.
WS Bins

Num
Observations

ME
HIRAD

ME
Model

ME Skill

RMS
HIRAD

< 20 m/s

107

-4.8

-4.4

-10.6 %

9.7

10.2

4.7 %

20 – 30
m/s

54

-1.4

-1.5

8.5 %

7.5

7.7

2.6 %

30 – 40
m/s

21

-1.6

-1.7

5.5 %

4.8

5.1

5.2 %

40- 50
m/s

17

-0.2

0.3

33 %
Invalid

5.7

7.1

20.8 %

50+ m/s

3

3.4

2.8

-21 %

7.0

5.8

-19.9 %

RMS Model RMS Skill

The HIRAD to the SFMR polar interpolated model skill comparison is then calculated as
a function of incidence angle, where one can see that at low EIA HIRAD reduces skill in the mean,
while above 35 deg, significantly improves skill. When compared to the RMS HIRAD improves
skill at all EIA except for between 20 to 35, where there is no change. This shows that HIRAD in
general is adding skill over the SFMR interpolated model, which implies that HIRAD is in fact
adding information over the modeled.
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Table 10: HIRAD to SFMR Polar interpolated Model binned EIA skill comparison against dropwindsondes
(dropwindsonde – reference), where the mean error (ME), standard error (SE) and skill are given for each.
Entries labeled “invalid” are due to the errors being so low that the relative change is unreliable.
EIA Bins

Num
Observations

ME
HIRAD

ME
Model

ME Skill

RMS
HIRAD

< 20 deg

52

-3.7

-1.0

-5.1 %

9.9

11.1

10.5 %

20 – 35 deg

94

-3.8

-1.4

-17.1 %

9.4

9.4

0.0 %

35 – 50 deg

44

-1.5

-2.0

23 %

4.2

4.4

4.6 %

50- 65 deg

12

-0.1

0.3

66.6 %
Invalid

3.5

5.1

30.2 %

RMS Model RMS Skill

The SFMR polar interpolated model, should be quite statistically accurate since it was
taken from SFMR measurements that were within ±1 hr of the HIRAD observation time. A second
experiment is to show that if HIRAD is calibrated with a low-quality model, that it also improves
skill against this low-quality model. To do this the Chavas hurricane model described in [48],
which uses the max wind speed Vm and radius of max winds rm to model winds as a function of
radial distance, is used to model the HIRAD winds. This model uses two functions that are merged
in the center, constraining that the derivative is equal at the joining point. This is shown in Figure
4-29, where the Vm and rm are labeled, Inner is the inner model used to approximate the eyewall
and Outer is the outer model used to approximate the outer wind fields. For our usage of the model,
we use Vm and rm to define the function, where these variables are retrieved by linearly
interpolating in time from the publicly available TC-Vitals file from the NHC broadcast every 6
hours. This is then used to model a perfectly circularly symmetric wind field, that should be in
general higher than that of the true wind speed, since it uses the maximum wind around the entire
eyewall.
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Figure 4-29: Chavas wind field model [48].

To model the rain rate, publicly available IMERG rains are used, which is a globally
gridded composite rain rate dataset in 30-minute windows at a 10 km spatial resolution. This
dataset is a product of the Global Precipitation Mission (GPM) satellite. These rain rates are then
interpolated to the measurement locations of the HIRAD swath for calibration. With this we have
wind speeds using the Chavas wind field model, and rain rates from the IMERG data, which we
will refer to as the Chavas/IMERG model.
An example of modeled wind fields is shown in Figure 4-30, where panel-a is that of the
SFMR polar interpolated model for Hurricane Patricia day 2, and panel-b is the Chavas modeled
winds. Notice that in the SFMR polar interpolated model (panel-a), the location of the peak wind
speed is in the northeast quadrant of the storm, while in the Chavas model (panel-b), there is
circular symmetry of the wind speed contours (like a bulls-eye pattern). These are the low-quality
winds we will be using in the Chavas/IMERG calibration.
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Figure 4-30: Modeled wind fields during Patricia2 where (a) is the SFMR polar interpolated winds, and (b) is
the Chavas modeled wind field.

An example rain field is given in Figure 4-31, where SFMR polar interpolated winds are
given in panel-a and IMERG rain rates given in panel-b. In the SFMR polar model one can see
that the SFMR predicts thin rain bands that spiral around the storm (panel-a), while in the IMERG
rain rates (panel-b), one can see there are wider area lower resolution rains. During this experiment,
it was independently validated using the Lower Fuselage Radar (LFR) that the spatial resolution
of the SFMR rain rates that are modeled are in fact approximately accurate.
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Figure 4-31: Modeled rain fields during Patricia2 where (a) is the SFMR polar interpolated rains, and (b) is
the IMERG modeled rains.

Using the Chavas/IMERG model, the HIRAD instrument is calibrated for the 6 hurricane
flights, with wind speeds and rain rates retrieved. The skill is then compared against both the
dropwindsondes and SFMR, where SFMR is now included since it is now an independent source
of validation. We begin the analysis by analyzing HIRAD measured, and Chavas modeled winds
against the dropwindsondes as a function of wind speed as tabulated in Table 11. As seen in the
table, when calibrated against a low-quality source HIRAD adds skill in the mean and in the RMS
across all wind speeds.
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Table 11: HIRAD to Chavas/IMERG Model binned wind speed skill comparison against dropwindsondes
(dropwindsonde – reference), where the mean error (ME), standard error (SE) and skill are given for each.
WS Bins

Num
ME
Observations HIRAD

ME
Model

ME Skill

RMS
HIRAD

RMS Model RMS Skill

< 20 m/s

124

-9.7

-10.2

4.6 %

16.8

18.5

9.3 %

20 – 30 m/s

55

-9.7

-10.1

4.6 %

15.9

18.3

13.1 %

30 – 40 m/s

22

-10.0

-11.1

9.7 %

12.6

14.4

12.5 %

40- 50 m/s

17

-17.1

-18.7

8.5 %

20.4

22.7

9.9 %

50+ m/s

3

-21.1

-22.8

7.6 %

24.4

26.3

7.0 %

The HIRAD measured and Chavas modeled wind speed skill comparison against
dropwindsondes is then analyzed as a function of EIA as tabulated in Table 12. When HIRAD is
compared to the Chavas model as a function of binned EIA in the mean, HIRAD reduces the skill
slightly during incidence angles < 35 degrees, while improving the skill when above 35 degrees.
When compared against the RMS error, HIRAD improves the skill across all EIA.

Table 12: HIRAD to Chavas Wind Speeds binned EIA skill comparison against dropwindsondes
(dropwindsonde – reference), where the mean error (ME), standard error (SE) and skill are given for each.
EIA Bins

Num
Observations

ME
HIRAD

ME
Model

ME Skill

RMS
HIRAD

< 20 deg

73

-12.0

-11.7

-2.7 %

21.0

22.8

8.1 %

20 – 35 deg

85

-9.7

-9.4

-2.7 %

14.3

15.0

4.6 %

35 – 50 deg

49

-9.4

-12.7

26.0 %

13.5

18.2

25.7 %

50- 65 deg

14

-10.7

-12.3

12.5 %

14.7

15.1

2.7 %

RMS Model RMS Skill

The skill between the HIRAD and Chavas wind speed measurements are then compared
against SFMR as tabulated in Table 13, where one can see that HIRAD adds skill against the
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Chavas winds in the mean for all wind speeds. When compared against the RMS error HIRAD
also adds skill for all wind speeds except for when greater than 50 m/s.

Table 13: HIRAD to Chavas/IMERG Model binned wind speed skill comparison against SFMR (SFMRReference), where the mean error (ME), standard error (SE) and skill are given for each.
WS Bins

Num
Observations

ME
HIRAD

ME
Model

ME Skill

RMS
HIRAD

< 20 m/s

4.0 k

-4.0

-4.5

10.8 %

7.5

8.5

11.3 %

20 – 30
m/s

3.4 k

-5.1

-5.5

7.8 %

8.2

11.2

26.8 %

30 – 40
m/s

2.0 k

-11.8

-14.2

17.1 %

13.7

16.8

18.9 %

40- 50
m/s

1.4 k

-10.5

-12.0

12.7 %

13.0

13.6

4.8 %

50+ m/s

0.2

-19.6

-19.7

0.7 %

23.5

22.7

-3.7 %

RMS Model RMS Skill

The skill between HIRAD and Chavas wind speeds are then compared to SFMR as a
function of binned EIA as tabulated in Table 14. When compared against SFMR in the mean,
HIRAD in general adds skill as a function of incidence angle, where when below 20 deg and
between 35 to 50 deg slightly reduces skill. When compared against SFMR RMS error, HIRAD
adds skill in all EIA, although very little skill between 35-50 deg.
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Table 14: HIRAD to Chavas Wind Speeds binned EIA skill comparison against SFMR (SFMR – reference),
where the mean error (ME), standard error (SE) and skill are given for each.
EIA Bins

Num
Observations

ME
HIRAD

ME
Model

ME Skill

RMS
HIRAD

< 20 deg

1.4 k

-7.4

-7.0

-5.9 %

10.9

13.2

17.3 %

20 – 35 deg

2.3 k

-7.7

-9.2

16.4 %

11.1

13.1

15.3 %

35 – 50 deg

4.0 k

-7.6

-7.2

-6.6 %

10.8

11.0

1.1 %

50- 65 deg

4.3 k

-5.4

-7.9

31.2 %

9.3

12.7

26.7 %

RMS Model RMS Skill

The overall skill statistics, for each experiment, are tabulated in Table 15, Table 16, and
Table 17. Table 17 is the skill using all data, where when compared in the mean, HIRAD decreases
skill when comparing using the high quality SFMR polar interpolated model against
dropwindsondes, while increasing skill in all other cases. Since HIRAD increases skill as a
function of RMS in all cases, we can say that the HIRAD measurements are in fact adding
information and increasing the certainty of the measurement. Also, when we compared HIRAD as
a function of incidence angle in Table 16, HIRAD added skill at high incidence angles between 50
to 65 degrees. This is seen in the SFMR interpolated model case against dropwindsondes with a
30.2 % increase in skill, and in the low-quality Chavas/IMERG model case, against SFMR 26.7
%, although there is a slight increase in skill when comparing the Chavas/IMERG against
dropwindsondes with 2.7 % skill.
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Table 15: Final WS binned Skill statistics, where the Model, Reference which was compared to, total ME skill
and total RMS skill are given.
WS Bins

RMS Skill
Sonde

RMS Skill
SFMR

RMS Skill
Sonde

Model

SFMR Polar
Interpolation

Chavas/IMERG

Chavas/IMERG

< 20 m/s

4.7 %

11.3 %

9.3 %

20 – 30 m/s

2.6 %

26.8 %

13.1 %

30 – 40 m/s

5.2 %

18.9 %

12.5 %

40- 50 m/s

20.8 %

4.8 %

9.9 %

50+ m/s

-19.9 %

-3.7 %

7.0 %

Table 16: Final EIA binned Skill statistics, where the Model, Reference which was compared to, total ME
skill and total RMS skill are given.
EIA Bins

RMS Skill
Sonde

RMS Skill
SFMR

RMS Skill
Sonde

Model

SFMR Polar Interpolation

Chavas/IMERG

Chavas/IMERG

< 20 deg

10.5 %

17.3 %

8.1 %

20 – 35 deg

0.0 %

15.3 %

4.6 %

35 – 50 deg

4.6 %

1.1 %

25.7 %

50- 65 deg

30.2 %

26.7 %

2.7 %
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Table 17: Final Skill statistics, where the Model, Reference which was compared to, total ME skill and total
RMS skill are given.
Model

Validating Measurement

ME Skill

RMS Skill

SFMR Polar

Dropwindsonde

-8.2 %

4.9 %

Chavas/IMERG

Dropwindsonde

5.7%

10.4 %

Chavas/IMERG

SFMR

12.0 %

15.3 %

This skill comparison shows that regardless of the model used, HIRAD is adding skill. This
shows that HIRAD, although calibrated with a model, provides information beyond what was used
to calibrate the instrument, which gives value to the HIRAD measurements. The increase in skill
against RMS in all cases is especially important, as this is a key metric used in the atmospheric
science community to deduce the uncertainty of the measurement, where the lower the RMS error,
the lower the uncertainty of the associated measurement.
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CHAPTER 5: CONCLUSION

The goal of this dissertation is to show the proof of concept of HIRAD, that the HIRAD
radiometer can indeed measure 2-dimensional hurricane force wind speeds. To do this, a novel
statistical calibration technique was developed to calibrate HIRAD on a leg-by-leg basis,
mitigating the transient changes in gain, and accounting for the non-linearity in the dynamic range
of the image reconstruction. To perform this calibration, SFMR wind speed and rain rate
measurements within ±1 hr of the HIRAD measurement time were utilized to calibrate HIRAD,
where it was assumed that the SFMR measurements can provide 2-dimensional modeled values
that are statistically accurate at the HIRAD measurement time. Using this technique, the HIRAD
instrument was calibrated over 6 hurricane flights of varying storm topologies and intensities
ranging from low wind speed H-1’s such as Hurricanes Ingrid, Marty, and Patricia1, and up to
high wind speed H-4’s during the Patricia2 and Patricia3, where during the analysis of Gonzalo, it
was found that HIRAD does indeed measure the double eyewall, in strong agreement with the
SFMR measurement.
The validating analysis began by tabulating the peak wind speeds for each hurricane flight,
where one of HIRAD’s primary objectives is to detect the peak winds, so that forecasters can
properly warn the populace of the severity of the storm. In each case HIRAD peak winds were
compared to SFMR, TC-Vitals, and NHC report, where it was found that in Gonzalo, Patricia1
and Patricia2, that HIRAD does measure reasonable peak wind speeds, where in Patricia3, winds
seem unreasonably low. Although for this analysis, there is not enough information in this research
to definitively say that HIRAD is accomplishing this objective with certainty.
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To validate the 2-dimensional wind fields, HIRAD measurements were compared against
the independent dropwindsonde WL150 winds, where it was found, that as a function of wind
speed and EIA, HIRAD produced results that agreed with the in-situ dropwindsonde
measurements, with a total RMS error of 4.7 m/s. This analysis is quite important, since it shows
that HIRAD can measure winds not just at nadir, but also at high incidence angles, which is the
primary purpose behind the development of the HIRAD instrument. Also, since HIRAD performed
well over all incidence angles, it shows that the electromagnetic, high incidence angle emissivity
model, developed by Salem El-Nimri is theoretically sound.
In the validating analysis, HIRAD was also compared against SFMR. In this study, it was
found that HIRAD was in strong agreement with SFMR, although a dependent measurement, since
SFMR was used to calibrate HIRAD. Thus, the SFMR comparison shows that the HIRAD
measurements matched the calibration source, as a function of wind speed and EIA, which implies
that the HIRAD calibration was performed as intended.
HIRAD was also compared against the collocated high resolution HIWRAP radar, which
provided coincident measurements of 3-dimensional rain fields, and 2-dimensional ocean vector
winds during Hurricanes Ingrid and Gonzalo. In this analysis it was found that at low wind speeds
(< 30 m/s), where HIWRAP winds are reliable, HIRAD and HIWRAP were in strong agreement
with a mean error of -0.1 m/s and an RMS error of 2.1 m/s. During the high wind speed case, it
was found that HIRAD was still in decent agreement with HIWRAP with a mean error of -1.8 m/s
and an RMS error of 6.0 m/s. Overall HIRAD agreed with HIWRAP in the winds, although in the
rains HIRAD did not perform well. It was found that although HIRAD may produce 2-dimensional
rain fields that seem reasonable at first sight, when compared with HIWRAP there are many
regions where HIWRAP detects little to no rain, and HIRAD detects rain. This was observed
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during collocated nadir measurements, and in the statistics, where during high rain events where
HIRAD measured > 10 mm/hr, there were a significant percentage of measurements where
HIWRAP detected little to no rain (< 1 mm/hr). With these comparisons we can say that HIRAD
although capable of measuring 2-dimensional wind fields, is not reliable when measuring rains.
To finish the validation, HIRAD was compared against the model used to calibrate with,
where a low quality and high-quality model were both analyzed. In each case HIRAD in general
increased skill, implying that HIRAD is adding additional useful information from its original
calibration source. Also, it was shown that HIRAD especially added skill in the RMS as a function
of EIA, which is a promising result, since HIRAD was designed with a wide swath to detect the
peak hurricane wind speeds around the eyewall.
Since HIRAD was able to produce 2-dimensional wind fields that agreed with available
surface measurements, that were not biased as a function of EIA, we can say that HIRAD as a
proof of concept has been proven. This instrument, which was supposed to be the next generation
of hurricane surveillance has had many difficulties producing results over the years, where this
dissertation research hopefully allows for the continuation of the HIRAD development. There are
many reasons why it is difficult to implement HIRAD, from hardware issues to transient changes
in gain, which this research sought to resolve. Although this research is dependent on near
coincident SFMR measurements for calibration, we believe that this is not necessary. There are
two cases which we believe HIRAD can be independently calibrated without SFMR. The first is,
if a high enough fidelity model is provided, such as a high-quality hurricane simulation, we believe
that HIRAD can be calibrated against this model, producing results that would be valuable to the
hurricane science community. Secondly, as a future research initiative, it is hypothesized that given
enough hurricane flights and analysis, that HIRAD does not need to be externally calibrated.
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Rather, if the underlying calibration function is known (although the parameterization of this
function can change) and stable throughout many hurricane flights, then we can calibrate HIRAD
with no external reference, although this is a topic of future research. For future work, it is
recommended that the HIRAD instrument is revisited, where given additional funding, this
instrument has the capability to provide valuable information to the hurricane science community.
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APPENDIX A: STORM RELATIVE COORDINATES
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Due to the hurricane structure being relatively stable around the center of the eye, it is
convenient to use storm relative coordinates, which is the coordinate system centered at the eye.
Using storm relative coordinates between all measurements increases the quality of comparisons,
as temporal shifts are mitigated since the translation of the storm is considered. This is especially
important when performing the validation, where the storm could easily shift 10 km between
measurements.
To convert a longitude and latitude (lon, lat) coordinate to its storm relative coordinate is
quite simple. First the hurricane best track is downloaded from the hurricane research division
website. Then using the time of the sample, a 1-dimensional interpolation is performed to get the
hurricane location (lonH, latH), where data is given every 2 minutes. The storm relative
coordinates (lonS, latS) are then computed as,
𝑙𝑜𝑛𝑆 = 𝑙𝑜𝑛 − 𝑙𝑜𝑛𝐻

(12)

𝑙𝑎𝑡𝑆 = 𝑙𝑎𝑡 − 𝑙𝑎𝑡𝐻

(13)

90

APPENDIX B: HIRAD STATISTICAL MATCHING
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The HIRAD statistical matching uses a sorting algorithm to match the PDFs of the
underlying distribution of measured to modeled brightness temperatures. The argument starts by
stating that if HIRAD is measuring the same distribution that is modeled, where the modeled can
be a simulated “truth”, then once calibrated, the distribution of HIRAD brightness temperatures
should match the modeled, within a reasonable level of variance.
To begin, given a noiseless stationary system, once calibrated, the measured calibrated
temperature (Tcal), should be identical to the modeled Tmod, since the scene is not changing.
(14)

𝑇𝑐𝑎𝑙 = 𝑇𝑚𝑜𝑑

Let f(𝑇𝑟𝑎𝑤 ), be the transformation between the uncalibrated measurements (Traw) and Tcal.
(15)

𝑇𝑐𝑎𝑙 = 𝑓(𝑇𝑟𝑎𝑤 )

If all the underlying parameters were known, then the instrument could be calibrated here
by simply comparing the modeled to the measured brightness temperatures, to extract the
underlying function. Let us add perturbations to the system where T(Δ𝑡) is the change in brightness
temperature due to the changing of the storm in time and n(t) is gaussian measurement noise at
that instance of time, where for HIRAD the noise is about 1 K. This is shown in the relation below
where Ttrue is the true value that HIRAD is measuring if the instrument was perfectly calibrated,
relative to the modeled value.
𝑇𝑡𝑟𝑢𝑒 = 𝑇𝑚𝑜𝑑 + 𝑇(𝛥𝑡) + 𝑛(𝑡)

(16)

Since we do not know the true value, but only the modeled, we must account for the 𝑇(Δ𝑡).
Let us assume that the change in brightness temperature is zero-sum, where the brightness
temperature is merely shifted to another part of the dataset, such that the underlying PDF is
unchanged. If this is true, then the underlying probabilistic statement,
𝑃(𝑇𝑚𝑜𝑑 = 𝑋) = 𝑃(𝑇𝑚𝑜𝑑 + 𝑇(Δ𝑡) + 𝑛(𝑡) = 𝑋)
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(17)

where X is an arbitrary value, is also true. This states that the probability of a brightness
temperature of the modeled, is the same as the probability of the true measurement. This also
implies that the CDF’s also match, since the CDF is the integral of the PDF.
𝑃(𝑇𝑚𝑜𝑑 ≤ 𝑋) = 𝑃(𝑇𝑚𝑜𝑑 + 𝑇(Δ𝑡) + 𝑛(𝑡) ≤ 𝑋)

(18)

If the underlying measured and modeled PDFs and CDFs are the same, then calibrating
against the statistic is a valid form of calibrating the instrument. Thus, since the PDFs and CDFs
should match then the discretized values, where given a sufficiently large sample to mitigate
effects of noise, should also match after sorting. This is because the act of sorting creates a pdf, on
a linear scale, where the PDF and CDF can be described as,
𝑃(𝑇𝑚𝑜𝑑 = 𝑋𝑖 ) =

1
𝑋
𝐶 𝑖

(19)

𝑖

𝑃(𝑇𝑚𝑜𝑑

1
≤ 𝑋𝑖 ) = ∑ 𝑋𝑛
𝐶

(20)

𝑛=1

𝑁

(21)

𝐶 = ∑ 𝑋𝑛
𝑛=1

Variable Xi is a value of brightness temperature, i is the index and N is the sample size. Using the
discretized samples,
𝑇𝑚𝑜𝑑 + T(Δ𝑡) + n(t) ≈ ̅̅̅̅̅̅
𝑇𝑚𝑜𝑑

(22)

where noise n(t) averages out since it is 0 mean gaussian noise and the bar is placed above to
indicate that the vector is sorted. With this, the modeled and true measured values are related. The
underlying transfer function is then solved for on a point by points basis as,
̅̅̅̅̅̅̅
𝑓𝑖 (𝑇
𝑟𝑎𝑤𝑖 ) = 𝑇𝑚𝑜𝑑 𝑖
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(23)

Using this sorting approach, measured to modeled relationships are mapped, where a look-up table
approach is used to apply the calibration, to mitigate non-realistic errors that occur at the ends of
fitting. For our calibration, the dynamic range mapping is binned into 100 points, where points
below the minimum range are set to the minimum, and points beyond the upper bound are
extrapolated using a linear regression of the last 10% of the table.
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APPENDIX C: CALIBRATION TRANSFER FUNCTIONS
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This section provides the calibration input to output transfer function for each channel, for
each leg of flight for EIA = +50°, +30°, 0°, −30° and − 50° , where Leg 5 of Gonzalo3 and Leg
11 of Patricia 2 do not have a calibration. Calibrations that use sub-bands only present a single
sub-band to conserve space, where in each figure the x-axis it the measured TA before calibration,
and the y-axis is the output modeled TA.
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Figure C-1: Hurricane Ingrid Channel 5 Leg 8 Calibration Transfer Function
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Figure C-2: Hurricane Ingrid Channel 6 Leg 8 Calibration Transfer Function
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Figure C-3: Hurricane Ingrid Channel 5 Leg 9 Calibration Transfer Function
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Figure C-4: Hurricane Ingrid Channel 6 Leg 9 Calibration Transfer Function
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Figure C-5: Hurricane Ingrid Channel 5 Leg 10 Calibration Transfer Function
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Figure C-6: Hurricane Ingrid Channel 6 Leg 14 Calibration Transfer Function
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Figure C-7: Hurricane Ingrid Channel 5 Leg 15 Calibration Transfer Function
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Figure C-8: Hurricane Ingrid Channel 6 Leg 15 Calibration Transfer Function
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Figure C-9: Hurricane Gonzalo Channel 5 Leg 4 Calibration Transfer Function
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Figure C-10: Hurricane Gonzalo Channel 5 Leg 4 Calibration Transfer Function

106

Figure C-11: Hurricane Gonzalo Channel 6 Leg 4 Calibration Transfer Function
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Figure C-12: Hurricane Gonzalo Channel 5 Leg 6 Calibration Transfer Function
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Figure C-13: Hurricane Gonzalo Channel 5 Leg 6 Calibration Transfer Function
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Figure C-14: Hurricane Gonzalo Channel 6 Leg 6 Calibration Transfer Function
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Figure C-15: Hurricane Marty Channel 5 Leg 7 Calibration Transfer Function
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Figure C-16: Hurricane Marty Channel 6 Leg 7 Calibration Transfer Function
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Figure C-17: Hurricane Marty Channel 7 Leg 7 Calibration Transfer Function
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Figure C-18: Hurricane Marty Channel 5 Leg 9 Calibration Transfer Function
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Figure C-19: Hurricane Marty Channel 6 Leg 9 Calibration Transfer Function
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Figure C-20: Hurricane Marty Channel 7 Leg 9 Calibration Transfer Function
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Figure C-21: Hurricane Marty Channel 5 Leg 11 Calibration Transfer Function
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Figure C-22: Hurricane Marty Channel 6 Leg 11 Calibration Transfer Function
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Figure C-23: Hurricane Marty Channel 7 Leg 11 Calibration Transfer Function
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Figure C-24: Hurricane Patricia1 Channel 4 Leg 7 Calibration Transfer Function
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Figure C-25: Hurricane Patricia1 Channel 5 Leg 7 Calibration Transfer Function
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Figure C-26: Hurricane Patricia1 Channel 6 Leg 7 Calibration Transfer Function
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Figure C-27: Hurricane Patricia1 Channel 7 Leg 7 Calibration Transfer Function
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Figure C-28: Hurricane Patricia1 Channel 4 Leg 9 Calibration Transfer Function
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Figure C-29: Hurricane Patricia1 Channel 5 Leg 9 Calibration Transfer Function
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Figure C-30: Hurricane Patricia1 Channel 6 Leg 9 Calibration Transfer Function
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Figure C-31: Hurricane Patricia1 Channel 7 Leg 9 Calibration Transfer Function

127

Figure C-32: Hurricane Patricia2 Channel 4 Leg 5 Calibration Transfer Function
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Figure C-33: Hurricane Patricia2 Channel 5 Leg 5 Calibration Transfer Function
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Figure C-34: Hurricane Patricia2 Channel 6 Leg 5 Calibration Transfer Function
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Figure C-35: Hurricane Patricia2 Channel 7 Leg 5 Calibration Transfer Function
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Figure C-36: Hurricane Patricia2 Channel 4 Leg 7 Calibration Transfer Function
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Figure C-37: Hurricane Patricia2 Channel 5 Leg 7 Calibration Transfer Function
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Figure C-38: Hurricane Patricia2 Channel 6 Leg 7 Calibration Transfer Function
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Figure C-39: Hurricane Patricia2 Channel 7 Leg 7 Calibration Transfer Function

135

Figure C-40: Hurricane Patricia2 Channel 4 Leg 9 Calibration Transfer Function
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Figure C-41: Hurricane Patricia2 Channel 5 Leg 9 Calibration Transfer Function
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Figure C-42: Hurricane Patricia2 Channel 6 Leg 9 Calibration Transfer Function
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Figure C-43: Hurricane Patricia2 Channel 7 Leg 9 Calibration Transfer Function
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Figure C-44: Hurricane Patricia3 Channel 4 Leg 5 Calibration Transfer Function
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Figure C-45: Hurricane Patricia3 Channel 5 Leg 5 Calibration Transfer Function
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Figure C-46: Hurricane Patricia3 Channel 6 Leg 5 Calibration Transfer Function

142

Figure C-47: Hurricane Patricia3 Channel 7 Leg 5 Calibration Transfer Function
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Figure C-48: Hurricane Patricia3 Channel 4 Leg 13 Calibration Transfer Function
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Figure C-49: Hurricane Patricia3 Channel 5 Leg 13 Calibration Transfer Function
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Figure C-50: Hurricane Patricia3 Channel 6 Leg 13 Calibration Transfer Function
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Figure C-51: Hurricane Patricia3 Channel 7 Leg 13 Calibration Transfer Function
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Figure C-52: Hurricane Patricia3 Channel 4 Leg 15 Calibration Transfer Function
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Figure C-53: Hurricane Patricia3 Channel 5 Leg 15 Calibration Transfer Function
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Figure C-54: Hurricane Patricia3 Channel 6 Leg 15 Calibration Transfer Function
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Figure C-55: Hurricane Patricia3 Channel 7 Leg 15 Calibration Transfer Function
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APPENDIX D: OTHER HURRICANE VALIDATION
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Results for storms omitted from the main text are given in this appendix.
Wind Speed Results
Results for Ingrid, Gonzalo3 and Marty as storm relative composite maps are given in
Figure D-1, Figure D-2, and Figure D-3, where wind speeds (m/s) are in panel-a and rain rates
(dBR) are in panel-b. Beginning with Hurricane Ingrid in Figure D-1, which is a weak H-1 in the
western Gulf of Mexico, with a poorly structured eye, HIRAD measured peak winds of 26.06 m/s.
This is lower than the SFMR measurement of 31.5 m/s, the TC-vitals (TVC) record of 33 m/s,
which is a broadcast report every 6-hours from the National Hurricane Center (NHC), and lower
than the post analysis Tropical Cyclone Report (TCR) from NHC of 35.75 m/s. This is reasonable
though, since HIRAD did not pass over the eye of the storm. This is seen in panel’s a and b, where
HIRAD encircles Ingrid.

Figure D-1: Hurricane Ingrid Retrievals Sep 15, 2013, where (a) is wind speed and (b) is rain rate in stormrelative coordinates.

Results for Hurricane Gonzalo, on the 3rd day of HIRAD surveillance are given in Figure
D-2, which is a devolving H-4 to H-3, which is moving northeast in the Atlantic basin, above Cuba
and hitting Bermuda. The important feature of this hurricane is the double eyewall structure, which
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is captured by HIRAD in panel-a. HIRAD in this flight measured peak winds of 51.67 m/s, where
SFMR measures 44.2 m/s, the TC-vitals 55.80 m/s and the TCR 53.9 m/s.

Figure D-2: Hurricane Gonzalo Retrievals Oct 17th 2014, where (a) is wind speed and (b) is rain rate in stormrelative coordinates.

The third hurricane analyzed is Hurricane Marty, which is an H-1 off the southeast coast
of Mexico, in the Central Pacific, with HIRAD measurements given in Figure D-3. During this
hurricane, HIRAD measured peak winds of 50.49 m/s, while SFMR measured 35.50 m/s, TCV
33.87, and the TCR was 37.7 m/s.

Figure D-3: Hurricane Marty Retrievals Sep 28, 2015, where (a) is wind speed and (b) is rain rate in stormrelative coordinates.
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Dropwindsonde Analysis
Dropwindsonde collocations are given in Figure D-4, Figure D-5, and Figure D-6.

Figure D-4: Dropwindsonde comparison of Hurricane Ingrid, where the x and y axis storm relative
coordinates, the color bar is wind speed m/s, and an approximate 5 km radius around the dropwindsonde
measurement location is given by the black circles.

Figure D-5: Dropwindsonde comparison of Hurricane Gonzalo3, where the x and y axis storm relative
coordinates, the color bar is wind speed m/s, and an approximate 5 km radius around the dropwindsonde
measurement location is given by the black circles.
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Figure D-6: Dropwindsonde comparison of Hurricane Marty, where the x and y axis storm relative
coordinates, the color bar is wind speed m/s, and an approximate 5 km radius around the dropwindsonde
measurement location is given by the black circles.

SFMR Analysis
SFMR comparisons are given for Ingrid, Gonzalo3 and Marty. Starting with hurricane
Ingrid, SFMR collocations are given in Figure D-7, where in panel-a one can see that HIRAD did
not view the eyewall. Overall, in panels-a and panel-b, HIRAD winds do match that of SFMR
including in the rainy region in panel-a from 0.5 to 1.
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Figure D-7: SFMR Figure-4 Transects for Hurricane Ingrid, where (a) is an East/West Transect and (b) is a
North/South transect. The negative direction is in the West/South directions.

The HIRAD collocation with SFMR transects for Hurricane Gonzalo are given in Figure
D-8, where Gonzalo has a prominent double eyewall visible in the East/West transect in panel-a.
As one can see HIRAD matches SFMR through the double eyewall on the East side including in
the rain band, and during the high wind speeds between 0.25 and 0.75. During the North/South
transect of panel-b there is also agreement, where when SFMR did not detect rain in the southern
side from -0.6 to -0.4, HIRAD also did not detect rain. During the northern side of the storm
HIRAD winds also agree with SFMR between 0.2 to 0.5.
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Figure D-8: SFMR Figure-4 Transects for Hurricane Gonzalo, where (a) is an East/West Transect and (b) is a
North/South transect. The negative directions are in the West/South directions.

The SFMR transects for Hurricane Marty are given in Figure D-9, where one can see in
panel-a that HIRAD wind speeds agree with SFMR through most of the eyewall, where there is an
erroneously low wind speed measurement at 0.4. HIRAD rain rates during these transects match
with SFMR, where during low rains at -0.4 and high rains at 0.2 HIRAD also views low and high
rains respectively. In panel-b, the North/South transect HIRAD does not have much collocation
for analysis.

Figure D-9: SFMR Figure-4 Transects for Hurricane Marty, where (a) is an East/West Transect and (b) is a
North/South transect. The negative directions are in the West/South directions.
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HIWRAP Analysis: Ingrid
HIWRAP retrievals over hurricane Ingrid are given in Figure D-10, where panel-a is the
path average rain rate at the surface gate location, and panel-b is the ocean vector winds, where
the arrows are the wind direction in oceanographic convention (points in the flow direction).

Figure D-10: HIWRAP composite rain rate (a) and ocean vector winds (b) for Hurricane Ingrid, where
corresponding HIRAD leg numbers are given in red.

HIWRAP collocation to HIRAD Leg-8 is presented in Figure D-11. As one can see,
HIWRAP wind speeds are close to that of HIRAD, where there is disagreement between 200 and
220 km along-track. In this comparison HIWRAP cannot measure winds in the presence of
medium to heavy rain due to rain attenuation. In the region between 300 to 470 HIWRAP measures
moderate rain around 5 mm/hr while HIRAD measures slightly more rain. Looking at the vertical
profile of rain in Figure D-12, one can see that HIWRAP measures rain that differs in structure
than that of HIRAD between along-track 350 to 430. Between scans 150 to 330, where HIWRAP
starts at 150, HIWRAP detects virtually no rain, while HIRAD measures a constant rain.
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Figure D-11: HIWRAP Collocation WS and RR onto HIRAD Leg 8 during Hurricane Ingrid.

Figure D-12: HIWRAP Collocation Vertical Rain Profile onto HIRAD Leg 8 during Hurricane Ingrid.
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HIWRAP measurements are collocated to HIRAD Leg-9, where the HIWRAP values are
only available at the beginning of the leg from 0 to 100 along-track. This is shown in Figure D-13,
where HIWRAP measures higher winds than HIRAD. We believe that during this region,
HIWRAP winds may be more accurate, since HIRAD saturates at low wind speeds. Notice that
HIWRAP did not detect rain, while HIRAD also detected rain < 2 mm/hr, which may be just noise.

Figure D-13: HIWRAP Collocated WS and RR onto HIRAD Leg 9 during Hurricane Ingrid.

HIWRAP measurements are collocated to HIRAD Leg-14 in Figure D-14, which is the
most prominent hurricane leg during the Ingrid flight. During this measurement, HIWRAP rains
tend to agree with HIRAD, where during high rains, HIWRAP suffers attenuation, where the rain
rate retrieval algorithm does not mitigate attenuation due to the ice layer at 5 km. This may be the
reason HIWRAP measures lower rains during peak rains. From along-track 150 to 300, HIWRAP
measures little rain, while HIRAD measures about 3 mm/hr. This may be measurement noise, since
HIWRAP measures little to no rain. Also, HIWRAP winds strongly agree with that of HIRAD
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between 10 to 15 m/s (along-track 150 to 300). Comparing the HIRAD measurement to the vertical
rain profile in Figure D-15, the regions of peak rain for HIRAD at along-track 30, 70, 80 and 120
km, coincide with the high rains of HIWRAP, although the remaining regions do not agree.

Figure D-14: HIWRAP Collocated WS and RR onto HIRAD Leg 14 during Hurricane Ingrid.
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Figure D-15: HIWRAP Collocation Vertical Rain Profile onto HIRAD Leg 14 during Hurricane Ingrid.

LFR Analysis: Ingrid
LFR rains over Patricia2 are given for the HIRAD’s first figure-4 southeast transect in
Figure D-16, where at (0, 0.1) HIRAD captures the prominent peak rain band, although the
remaining rain bands in the southeast quadrant are missed. At (0.5, -0.5) HIRAD does detect the
rain band seen by LFR, where in the northwest quadrant both HIRAD and LFR both detect little
to no rain. The rain bands in this image are not coincident in time, but rather a binning of many
LFR radar sweeps to a get a more accurate representation of the magnitude of the rains.
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Figure D-16: HIRAD Southeast Rain Rates (a) and LFR Rain Rate (b) over Patricia2 in storm-relative
coordinates.

For this same southeast transect of HIRAD, a coincident in time measurement using a 100
km LFR scan is provided with rains interpolated to the HIRAD swath. This is given in Figure D17, where panel-a is the LFR rain rates, with the HIRAD flight direction given by the vector, and
panel-b is the LFR rains interpolated onto HIRAD, where the x-axis is the cross-track and the yaxis is the along-track. It should be noted that the LFR rains are past the limit of accuracy (60 km),
thus the relative shape should be taken into consideration rather than the magnitude.
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Figure D-17: LFR Rain using a 100 km sweep (a) and interpolated coincident in time measurements onto the
HIRAD swath (b).

The interpolated LFR rain measurements on the HIRAD nadir track are given in Figure D18 panel-a, where this is before calibration, such that HIRAD samples are in 0.2 km steps. When
compared against the brightness temperatures in panel-b, one can see that where there is high rain
detected by LFR, that there is also a high Tb measurement, and when rains are relatively constant,
the Tbs are also constant. Then at 375 along track when the rain drops the Tbs also drop. This
shows that the HIRAD instrument is measuring the same rain features that the LFR is predicting.
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Figure D-18: LFR rain rates interpolated onto the HIRAD nadir track (a), with corresponding uncalibrated
brightness temperatures (blue 4.0 GHz, green 5.0 GHz, red 6.0 GHz, and teal 6.6 GHz).

LFR rain rates for the second HIRAD transect in the northeast direction are given in Figure
D-19, where these rain rates are displaced by over an hour in time, thus the geolocation will be
shifted. In this, HIRAD detects three prominent rain bands at (0.1, 0.1), (0.75, 0.75) and (1.5, 1.5)
these locations are very similar to that detected by LFR at (0.2, 0.2), (0.5, 1.0) and (1.0, 1.25)
indicating that the rain bands measured by HIRAD are most likely true.
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Figure D-19: HIRAD Northeast transect Rain Rates (a) and LFR Rain Rate (b) over Patricia2 in stormrelative coordinates.

The Patricia3 transect, where the P-3 trailed the WB-57 carrying HIRAD by about 25
minutes is given in Figure D-20, where HIRAD rain bands seem to match that of LFR. This is seen
at the rain bands in (-0.25, -0.45), (-0.1, 0.1) and (-0.4, 0.4). The LFR rain bands in the northwest
quadrant tend to alias, since this image was produced by binning all the available LFR scans along
the path within 60 km, where LFR measurements are taken in 30 s intervals.
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Figure D-20: HIRAD Northeast transect Rain Rates (a) and LFR Rain Rate (b) over Patricia3 in stormrelative coordinates.
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APPENDIX E: HIWRAP CLEAR-SKY CALIBRATION
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The HIWRAP radar is a conically scanning radar, with an inner H-pol at 30° and an outer
V-pol at 40° beams, which each measure both the Ku-band and ka-band. The Ku-band data is used
for this analysis, since it receives less rain attenuation, at 13.9 and 13.5 GHz for inner and outer
beams respectively. For this chapter, the HIWRAP calibration is performed using the procedure
derived in [45], where a clear-sky scene over multiple passes of TBRE were used to apply a totalcalibration of the radar during the return flight from hurricane Ingrid 2013. This chapter expands
upon the procedure, implementing a clear-sky calibration, while sampling Gonzalo. The NSCAT4 geophysical model function (GMF) is used to calibrate the radar, where the GMF is quite
sensitive at low wind speeds. Because of this, an in-flight calibration over clear-sky regions of the
storm is performed, which is more robust since the GMF saturates at high wind speeds.
The HIWRAP instrument is calibrated using two separate clear-sky regions over the storm,
where SFMR values (described in 3.1) are interpolated to the surface gates of HIWRAP in storm
relative coordinates. The HIWRAP rain flags are shown in Figure E-1, with detected rains in red,
where (a) is from the first pass over the storm and (b) is from the second pass of the figure-4. The
clear-sky regions, which will be used for this analysis are marked by the red rectangle.
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Figure E-1: HIWRAP detected clear-sky regions

Using the SFMR polar model surface wind speeds are estimated for the clear-sky regions.
This is shown in Figure E-2, where the SFMR winds are modeled for the entire HIWRAP track to
visualize the estimated winds, and the analysis region is boxed in red.
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Figure E-2: SFMR modeled WS in HIWRAP clear-sky regions

The HIWRAP instrument is calibrated via the calibration procedure described in [45],
where measured 𝜎 0 are compared to modeled values to calculate the radar calibration factor C for
the inner and outer beams. Using [49] with the radar specifications given in [37], measured 𝜎 0 are
calculated from the measured power of the surface gates. Then inputting modeled SFMR wind
0
speeds into the NSCAT-4 geophysical model function [50], 𝜎 0 values are modeled (𝜎𝑚
), where

the radar calibration is performed in dB units as,
0
𝐶 = 𝑚𝑒𝑎𝑛(𝜎𝑚
− 𝜎0)

(24)

With this the inner and outer beams are calibrated for each leg where the mean calibration
factor for the inner and outer beams are -66.75 and -65.96, where the difference between the two
trials were within 0.15 and 0.25 dB of the mean respectively.
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APPENDIX F: LFR CALIBRATION
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The LFR samples rain reflectivities in the atmosphere, where reflectivity data are given in
a longitude by latitude grid of integer reflectivity values in dBZ. These reflectivities are
uncalibrated and attenuated by rain, especially in the heavy rain bands. To utilize the LFR data,
the reflectivities are first converted from a cartesian to a polar format, by defining a set of range
gates from 0 to 60 km in 900 m increments, which is the range gate spacing of the radar. Then
defining a set of 360 azimuth positions, the cartesian measurements are interpolated to the newly
defined polar coordinates. This allows for the application of the SFR3 RR retrieval algorithm
described in [45], where the Z-R relationship in [46], was interpolated to the 5.37 GHz of LFR.
An example of this process is given in Figure F- 1, where panel-a is an LFR reflectivity image and
panel-b is the rain rate calculated from this image.

Figure F- 1: LFR reflectivity (a), where the LFR sweeps in the clockwise direction and the red circle is 60 km
from the aircraft position. LFR rain rates for this region are given in (b), where the cartesian reflectivities in
(a) are first interpolated onto polar range gates, and then rain rates are retrieved in (b).

Since the calibration factor is unknown, the factor C is estimated to be the calibration factor
which minimizes the mean error between the LFR and SFMR collocated RR. The cost function is
given below, where index is i the collocated sample. To do this, LFR rain rates are retrieved,
starting with a calibration factor of 0 dB, where the retrievals are iterated to minimize the error.
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𝑐𝑜𝑠𝑡 = ∑|𝑅𝑅𝐿𝐹𝑅𝑖 − 𝑅𝑅𝑆𝐹𝑀𝑅𝑖 |

(25)

𝑖

LFR is calibrated in Gonzalo3 against SFMR peak rains during the rain bands around 14.25
UTC, forcing LFR to measure the approximately 36.25 mm/hr seen by SFMR. A single rain band
is used in this calibration, since it was difficult to get many collocated rains, due to the aircraft
performing a butterfly flight pattern, which causes the aircraft to continuously banks. This is
plotted in Figure F- 2, which is a maximum range reflectivity sweep over the storm, where ethe
peak rains used to calibrate against are marked by the black arrow. With this a calibration factor
of 5.0 dB was found to best match the measurements.

Figure F- 2: LFR calibration over Hurricane Gonzalo, where the reflectivity sweep of LFR is given, with the
peak rain band used to calibrate against is pointed by the black arrow.

The calibration histograms are given in Figure F- 3 for hurricane Patricia, where panel-a is
the Patricia2 calibration histogram and panel-b is the Patricia3 histogram. The mean calibration
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offset is found to be 19.825 dB between the two flights, where the rains used in calibration are
given in Figure F- 4 and Figure F- 5, where the LFR rains after calibration strongly match the
SFMR rains.

Figure F- 3: LFR calibration over Patricia2 (a) with a calibration offset of 19.53 and Patricia3 (b) with a
calibration offset of 20.13.

Figure F- 4: Patricia2 LFR to SFMR Rain Comparison After Calibration.
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Figure F- 5: Patricia2 LFR to SFMR Rain Comparison After Calibration.
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APPENDIX G: HIRAD HISTORY OF WS AND RR RETRIEVALS

This section provided by Dr. Maria Jacobs of CFRSL
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The HIRAD instrument was part of NASA’s GRIP (Genesis and Rapid Intensification
Processes) and HS3 (Hurricane Severe Storm Sentinel) and the Office of Naval Research TCI
(Tropical Cyclone Intensity) project; and since the first flight, CFRSL assisted NASA’s MSFC as
a member of the HIRAD instrument team to provide data analysis and algorithm development to
produce swath data of ocean surface wind speed and rain rate.
HIRAD’s first Hurricane flight was on NASA Johnson Space Center's WB-57 aircraft over
Hurricane Earl on September 1, 2010. However, CFRSL started working on HIRAD before that,
developing a microwave ocean surface emissivity model and using simulated Tbs to predict WS
and RR retrievals, to assist the mission, for when the instrument was ready to be flown. These
projects resulted in 2 PhD Dissertations; and following HIRAD flights, the research produced 2
more PhD Dissertations. The results of these dissertations will be summarized in this Appendix.
Salem El-Nimri
El-Nimri [28] developed an electromagnetic model for predicting the microwave
blackbody emission from the ocean surface over a wide range of frequencies, incidence angles,
and wind vector (speed and direction) for both horizontal and vertical polarizations. This ocean
surface emissivity model was based on a collection of ocean emissivity measurements obtained
from satellites, aircrafts, field experiments, and laboratory measurements. This work was of
extreme importance, since at that time, although there were other emissivity models available,
none of them satisfied all the conditions that were needed: EIAs from nadir to > 60°, and ocean
wind speeds from 10 m/s to CAT5 winds under atmospheric boundary layer stability conditions
from neutral to slightly unstable that are typical of most hurricanes.
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The model, named CFRSL ocean emissivity model, uses the formulation of Stogryn [51];
which is a physically based approach, with empirical coefficients based on radiometric
measurements of foam-covered sea surfaces. However, El-Nimri used modified model coefficients
that were tuned to Uhlhorn et al. [2] & Wentz and Meissner [52] ocean emissivities. Uhlhorn et al.
[2] is a nadir empirical statistical regression model, capable of estimating ocean emissivity over
wind speeds ranges from 10 to >70 m/s, based on SFMR C-band Tb measurements in hurricanes
that are collocated with 10-m ocean surface wind speed observations derived from GPS
dropwindsondes. On the other hand, Wentz and Meissner [52] was developed for conical scanning
satellite radiometers, but it is limited to EIAs 49°–57° and wind speeds <20 m/s. All model
coefficients were derived in an iterative procedure to provide a weighted least mean squares fit to
the empirical Tb data (SFMR and WindSat) and the total ocean emissivities of the Uhlhorn et al.
& Wentz and Meissner models.
Then, following Stogryn [51], the CFRSL ocean surface emissivity is modeled as a linear
sum of foam and foam-free seawater emissivities. The foam emissivity is a function of frequency,
the 10-m neutral stability wind speed and EIA; and the foam-free seawater emissivity is expressed
as the sum of the smooth surface emissivity, which is a function of the Fresnel power reflection
coefficient, and the wind-induced excess emissivity, which is a function of frequency, EIA, the
10-m neutral stability wind speed and SST. The foam-free term accounts for surface roughness
effects that monotonically increase with wind speed, and the sea foam term increases almost
exponentially with wind speeds > 7 m/s and asymptotically approaches 100% foam cover at wind
speeds well beyond 100 m/s. Further, the CFRSL ocean emissivity model also incorporates an
anisotropic wind directional emissivity.
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For this research, the CFRSL ocean emissivity estimations were compared with
experimental observations from SFMR, Special Sensor Microwave/Imager (SSMI), Tropical
Rainfall Measuring Mission Microwave Imager (TMI), buoy data and WindSat. CFRSL model
results were in excellent agreement with these observations, for both vertical and horizontal
polarizations, for the complete wind speed range (5 – 70 m/s), and a wide range of EIAs.

Ruba Amarin
Amarin [30] developed an end-to-end computer simulation of HIRAD. The goal of this
research was to use this simulation to characterize the HIRAD hurricane surface wind speed
measurement accuracy as a function of wind speed, rain rate, and cross-swath location EIA.
The simulation involved geometry calculations where the cross-track locations of the
antenna beam lines-of-sight were calculated as the aircraft, operating at 20 km altitude, transected
the storm in radial cuts through the eye. To provide a realistic set of 3-D environmental parameters,
several numerical hurricane models were run, from which simulated HIRAD Tb's were derived
using a forward RTM. This RTM included the SFMR rain absorption model for the hurricane
environment, and the ocean surface emissivity model developed by El-Nimri [28].
The RTM was used to compute the absorption coefficients for water vapor, cloud liquid
water, and oxygen. For the HIRAD frequencies, both the water vapor and cloud liquid absorption
in hurricanes are significant, but oxygen and ice absorption are negligible. Further, rain is the
dominant atmospheric absorber, but at HIRAD's wavelengths, scattering is not significant even for
high rain rates. Therefore, the RTM was modified to include the absorption/emission effects of
rain, assuming the rain absorption coefficient was a function of frequency and rain rate. Moreover,
two hurricane numerical model “nature run” simulations were used in this work, to provide
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realistic 3-D environmental parameters (rain, water vapor, clouds, and surface winds) from which
simulated HIRAD Tb's were derived for typical aircraft flight patterns. Then, the antenna
temperature was computed by convolving the scene brightness temperature, over a spherical
surface surrounding the antenna, with the antenna gain pattern. Therefore, a simulated realaperture push-broom radiometer equivalent to HIRAD was developed. Finally, these simulated
antenna temperature measurements were used in a geophysical retrieval algorithm. Then, the
retrievals were performed using Monte Carlo simulations, to estimate hurricane ocean surface
wind speed and rain rate. Afterwards, the retrieved results and nature runs were compared and
statistically analyzed to determine differences (errors), which were characterized as a function of
the mean nature run wind speed and rain rate and as a function of cross-track location (incidence
angle). It was observed that the retrieved wind speed compares well to the surface truth over most
of the swath; however, the increased slant path near the edges of the swath and antenna pattern
effects and limitations to the treatment of rain in the retrieval algorithm did produce increased
wind speed errors at swath edges. Moreover, it was observed that the magnitude of the wind speed
error increases with increasing EIA. The RMS wind speed errors are greatest at lower wind speeds,
due to the shape of the surface emissivity GMF, for all beam positions. It was also observed that
the error increase, with the increase in rain rate.

Saleem Sahawneh
Sahawneh [32] evaluated and characterized HIRAD radiometric brightness temperature
measurements, to assess its accuracy and stability. First, the approach was to develop a Tb slope
technique to determine the geolocation (latitude and longitude) accuracy of HIRAD image pixels,
as a function of along-track and cross-track positions. For HIRAD, the approach employed was to
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compare Tb images of land/water boundaries to high-resolution maps (1 km) to determine the
location accuracy. Since the HIRAD is a push-broom system, a procedure originally developed for
push-broom microwave radiometer (MWR) on the AQ/SAC-D satellite was adopted. This
procedure aims to calculate the observed Tb time series of a 1-D Gaussian antenna pattern passing
over an ideal “step function” land/water crossing. The assumed scene brightness for water and land
is presented as a knife-edge function, and the normalized antenna pattern as a gaussian distribution.
Then, the simulated radiometer Tb measurement is obtained by the convolution of the antenna
pattern with the Tb step function scene. For this geometry, the maximum Tb slope (Tb derivative)
occurs where the antenna IFOV beam fill is exactly 50% over land and 50% over water; thus, this
geolocation technique involves finding the location of the maximum Tb slope point and compares
this with the coastline map. The analysis showed that HIRAD has a very good geolocation
accuracy in comparison to the 1 km high resolution map.
Also, Sahawneh [32] developed a two-dimensional cross-correlation technique to estimate
the HIRAD field of view (effective spatial resolution). The approach was to estimate the HIRAD
Tb image resolution by comparing measured and simulated Tb scenes of small islands surrounded
by uniform water. This iterative procedure involved convolving assumed Gaussian antenna
patterns with theoretical brightness temperatures of islands to minimize the RMS difference
between these simulated and the observed HIRAD images. His research demonstrated the
approach using HIRAD images of small islands and compared the results to independent measured
beam width provided by NASA Marshal Space Flight Center.
Finally, an independent assessment of HIRAD reconstructed ocean brightness temperature
images radiometric calibration accuracy and stability was performed; the procedure involved a
radiometric cross-calibration (HIRAD to SFMR) analysis, to determine HIRAD Tb bias for the
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observations in a hurricane environment. The approach used was the double difference (DD)
radiometric calibration technique, which was developed by CFRSL for inter-satellite calibration
(XCAL) of different satellite microwave radiometers, estimating the brightness temperature
measurements biases between two radiometers with slightly different frequencies and viewing
geometry (EIA). Thus, the XCAL DD procedure was applied to comparisons of collocated
SFMR/HIRAD, where SFMR was considered as the calibration standard. After gridding the data
for these two sensors, the matchups were performed using storm-relative coordinates without
regard to the time difference. Next, the HIRAD RTM was used to calculate the theoretical Tb for
HIRAD and SFMR at each collocated box, by using the respective radiometer parameters
(frequency, incidence angle and polarization) and the hurricane surface wind speed and rain rate,
which were obtained from the expanded collocated data of SFMR. For other environmental
parameters: SST, salinity and atmosphere, vertical profiles of air temperature, pressure and water
vapor density, a standard hurricane climatology were used. Finally, the double difference (bias) of
the collocated data set was determined by calculating the difference between the observed single
difference (between HIRAD and SFMR) and the theoretical (modeled) single difference.
This research demonstrated the effectiveness of the double difference technique using
HIRAD measurements from the GRIP mission for hurricanes Earl and Karl in 2010. From this
analysis, it was concluded that DD changed between the two flights. Also, the DD biases varied
from leg to leg, which may indicate a calibration drift over time that was not corrected by the clear
sky in-flight calibration performed by NASA MSFC. Moreover, after examining the DD as a
function of EIA, it was concluded that the radiometric calibration did not change. Thus, using the
DD technique, NASA image reconstruction data process was validated. Further, since the
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radiometric calibration did not change with scene brightness temperature, Sahawneh [32] was able
to verify that HIRAD’s radiometric calibration is essentially linear.

Abdusalam Alasgah
This dissertation concerned the development of a signal processing algorithm to infer
tropical rainfall from HIRAD radiance (Tb) measurements. The basis of the rain rate retrieval
algorithm was an improved forward microwave radiative transfer model that incorporated
HIRAD’s multi-antenna-beam geometry, and used semi-empirical coefficients derived from an
airborne experiment that occurred in the Gulf of Mexico off Tampa Bay in 2013. During this flight,
HIRAD observed a squall line of thunderstorms simultaneously with an airborne meteorological
radar (High Altitude Wind and Rain Profiler, HIWRAP), located on the same airplane. Also,
ground based NEXRAD radars from the National Weather Service (located at Tampa and
Tallahassee) provided high resolution simultaneous rain rate measurements. NEXRAD rainfall
(surface truth) was used as input to the HIRAD RTM, to calculate the modeled (top of the
atmosphere) Tbs. Given this collocated Tb dataset, the next procedure was to calibrate HIRAD’s
measured Tb images. After this calibration, the resulting measured brightness images were
compared to corresponding modeled images for both clear-sky and rainy scenes. Overall, there
was an excellent qualitative comparison showing nearly identical rain images (feature shapes and
relative intensities), but there were minor registration differences noted between the corresponding
measured and modeled images; these differences were attributed to NEXRAD rain rates being “not
perfect” and not associated with the HIRAD RTM modeled results. Also, the collocated HIWRAP
radar reflectivity (dBZ) measurements were cross correlated with NEXRAD to derive the
empirical HIWRAP radar reflectivity to rain rate relationships; since it was necessary to define the
185

3D distribution of rain in the atmosphere, which was an environmental parameter input to the
HIRAD brightness temperature RTM. For this conversion, the National Weather Service default
NEXRAD Z-R relationship [53] was used. Therefore, by applying the Z-R relationship to
NEXRAD 2D rain rate fields were produced, which were subsequently interpolated into the
HIRAD 3D rain volume grid. Finally, the HIRAD measured Tbs were input to the HIRAD rain
retrieval algorithm to derive estimates of rain rate, which were validated using the independent
HIWRAP measurements of rain rate.
This research represented the first validation of the HIRAD forward radiative transfer
model calculation of brightness temperature for strong convective rain cells. Based upon the
empirical comparison of HIRAD measured and modeled results, it was concluded that the HIRAD
RTM performs very well in modeling the TOA brightness temperature of both clear-sky ocean
scenes and ocean scenes with convective rain cells. This RTM validation was significant because
it became the basis for proceeding with the future development of a rain rate retrieval algorithm
for HIRAD. Overall, the analysis performed is highly supportive of the conclusion that given an
accurate 3D atmospheric distribution of rain rate (surface truth), the HIRAD forward RTM
calculates realistic values of Tb at the top of the atmosphere. Furthermore, the results of the various
statistical analyses implies that both the Z-R relation for NEXRAD and SFMR derived rain
absorption coefficients are in good agreement with the HIRAD measured Tbs.
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